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ABSTRACT

This report summarizes the results obtained on Contract F49620-88-C-0022. The
overall objective of this basic research program was the quantitative investigation of the
fundamental phenomena relevant to aero-thermodynamic distortion induced structural
dynamic blade responses in multistage gas turbine engines. The technical approach
involved unique benchmark experiments and also analyses. In particular, the flow physics
of multistage blade row interactions were investigated, with unique unsteady aerodynamic
data obtained and analyses developed to understand, quantify, and discriminate the
fundamental flow phenomena as well as to direct the modeling of advanced analyses. Data
obtained define the flow interactions and the effects on both the aerodynamic forcing
function and the resulting unsteady aerodynamics of compressor rotor blades and stator
vanes in a multistage environment over a wide range of realistic reduced frequency values
for the first time.
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I. INTRODUCTION

The structural dynamic response of turbomachinery blading to aero-thermodynamic
distortion induced excitations is an item of rapidly increasing concern to designers and
manufacturers of gas turbine engines for advanced technology applications. Namely, the
increasing variety of modem aircraft and missions has resulted in expanded variations of
engine designs and requirements. These have a direct and signiflicant effect on the blading

components, i.e., fans, compressors, and turbines, and thus on the structural dynamic
characteristics of these componen:s.

Turbomachinery blading forced response is a universal problem, with every new
gas turbine engine having had at least one blade row or stage with turbomachinery blading
forced response problems and each engine company having at least one such problem. The
primary mechanism of blade failure is fatigue caused by vibrations at levels exceeding
material endurance limits. These vibrations occur when a periodic forcing function, with
frequency equal to a natural blade resonant frequency, acts upon a blade row. Because a
blade may have as many critical points of high stress as it has natural modes, the designer

must determine which particular modes have the greatest potential for aerodynamic
excitation.

With the resonant airfoil frequencies able to be accurately predicted with finite
clement structural models, the Campbell diagram is the key design tool in a 0% order bladed
disk forced response design system These display the natural frequency of each blade

mode versus rotor speed and, on the same plot, the aerodynamic forcing [(unction
frequency versus rotor speed, Figure 1.

FAEGUENCY (Hz2)

NOTOR SPEED (APM)

Figure 1. Campbell Diagram Schematic




At each intersection point, an aerodynamically induced vibration problem is
possible. Thus, these intersection points, termed resonant speeds, indicate a potentially
significant increase in vibratory blade response. However, as Campbell diagrams do not
consider either the detailed aecrodynamic forcing function or the resulting airfoil row
unsteady aerodynamics, they provide no measure of the amplitude of the resulting stress at
the various resonant speeds.

I.1 Unsteady Aerodynamic Modeling

A 15t order forced response design system is defined as one which predicts the
amplitude of the resulting stress at the resonant speeds utilizing a linearized unsteady
aerodynamic model, i.e., with the unsteady flow considered to be a small perturbation
superimposed on the steady flow. Thus, 15t order design system unsteady aerodynamic
modeling is performed in the frequency domain, requiring a definition of the unsteady
aerodynamic forcing function in terms of its harmonics. The unsteady aerodynamic
response of the airfoil row to each forcing function harmonic is then assumed to be
comprised of: (1) the disturbance being swept past the nonresponding airfoils, termed the
gust unsteady aerodynamics, and (2) the airfoil vibratory response to this disturbance,
referred to as the motion-induced unsteady aerodynamics or the aerodynamic damping.
Finally, an aeroelastic or structural dynamics model is utilized to predict the blade row
response, typically accomplished by a classical Newton's second law approach with the
unsteady acrodynamics combined with a lumped parameter airfoil model.

18t order design system unsteady flow models can be broadly categorized in terms
of the hierarchy of steady flow and gust models, Figure 2.
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Figure 2. 15t order design system unsteady flow model hierarchy
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* For a uniform steady flow, both the steady and unsteady flow fields are independent,
with a flat plate airfoil cascade at zero incidence considered.

QR = U, + VoReit

where (_i('i.t) is the total flow field, U is the steady uniform flow, V$(X) is the
linearized unsteady potential flow and w is the gust frequency.

* Linearizing about a steady potential flow, the classical models were extended to
predict aerodynamic damping and gust loading including blade profile effects.

QX = VO, + VoR)eiot

where @, is the steady potential mean flow and although the steady field is still
independent of the unsteady flow, the unsteady flow is coupled to the steady flow
through the boundary conditions.

* Linearizing about a steady rotational flow modeled by the Euler equations, the gust
modeling is being further extended.

QED = QX + gReim

where Q, is the steady Euler mean flow.

1.2 Forcing Functions

There are many analytical and physical assumptions inherent in the various
mathematical models. This is demonstrated in the following discussion of state-of-the art
linear theory forcing function modeling.

The source of the aerodynamic forcing function is generally a distortion in the inlet
or exit flow field of an airfoil row. To analyze the resulting airfoil row forced response,
the forcing function is assumed to be specified. In a 15t order design system, this forcing
function is then Fourier decomposed into harmonics, with the response to each harmonic
then determined. Note that although forcing functions can be generated by a wide variety
of sources, the resulting forced response to each harmonic is assumed to be the same if the
particular forcing function harmonic is the same, i.e., if the harmonic frequency and




amplitude of two forcing functions generated by different {. ) w phenomena are the same,
then the resulting forced response will be the same.

Wakes (rom upstream airfoil rows are one of the most common unsteady
aerodynamic forcing (unctions. Thus, consider a wake from an upstream rotor blade row.
In classical linear theory, the wake flow field is considered to be compcsed of a uniform
mean flow and a superimposed harmonic vortical gust w propagating according to the
wave-number vector k. The corresponding turbomachine blade-row {low field schematic is
presented in Figure 3. For convenience, the rotor wake periodic shape has been Fourier
decomposed and the fundamental harmonic depicted. The downstream relative velocity
decreases from the mean in the rotor wake and increases f[rom the mean in the free stream
by the amplitude of the vortical gust w*. It is this harmonic velocity which is the unsteady
aerodynamic forcing function to the downstream airfoil rows.
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Figure 3. Turbomachine blade-row flow field schematic




In the downstream airfoil row stationary reference frame, the propagation of the
harmonic vortical gust is defined by considering periodicity requirements in the axial-
circumferential coordinate system. As a consequence of this periodicity, the downstream
mean-relative flow V_\72 and the gust propagation vector K must be perpendicular.

The stator row flow field is modeled as being compressible and isentropic. For a
uniform steady flow, the linearized continuity and momentum equations describing the
perturbation velocity and pressure are

L Db,y 520 (1)
PoC3 Dt
Dot _ _1
Du_ 1y 2
D py P (2)

Do 0 —-_a_
Whem—ﬁt—_§+ Uax’

This inviscid flow is analyzed by superpositioning rotational and irrotational flow
fields. Thus the unsteady velocity perturbation U is considered to consist of a rotational
velocity component W and an irrotational component, with these components satisfying
continuity independently. The airfoil surface boundary condition introduces the effect of
the forcing function rotational flow or gust into the unsteady pressure field. This requires
the specification of the rotational flow field generated by the gust w.

The propagation of the gust is described by
W = wekx-k) = 0 3)
where the gust component amplitude vector is W* = u*i + v+j, the gust propagation vector
isk=ke + kyjandX = xi + y].

To satisfy continuity, the rotational gust velocity perturbation and propagation
vector must be perpendicular for all time and space, W-k = 0. Thus, continuity

considerations result in two constraints on the rotational gust forcing function flow field.

* The primary constraint is the requirement that the phase angle between the
streamwise and transverse gust component harmonics ¢w be equal to either 0° or
180°, i.e., the gust-component phase angle ¢w = 0° or 180°. When this primary
constraint is satisfied, the gust amplitude simplifies to w* = Yu*2 + v+2, with the




periodic velocity vectors parallel over the gust periodic cycle. If the primary
constraiit is not satisfied, the gust amplitude is not a simple function of the gust-
component amplitudes and the velocity vector direction is a function of time and
space.

* The secondary constraint stipulates that the gust-component amplitude vector must
be parallel to the downstream mean-relative flow w* || W, if the primary constraint
is satisfied.

1.3 Significance

As demonstrated in the above, there are many analytical and physical assumptions
inherent in the various mathematical models. However, minimal attention has been given
to either the aerodynamic forcing function or to the blade row interactions, i.e., only
isolated airfoil rows are considered with viscous effects not analyzed. Experimentally only
very limited appropriate fundamental unsteady aerodynamic data exist to verify existing
models, with these data generally not suitable to discriminate and quantify the fundamental
flow phenomena and direct the development of advanced mathematical models. Also, all of
the existing data have been obtained in isolated blade rows or in single stages. Thus, the
important effects associated with muitistaging, including the blade row potential and
viscous flow interactions, have not been investigated.




II. PROGRAM OBJECTIVES & TECHNICAL APPROACH

The overall objective of this research program was the quantitative investigation of
the fundamental phenomena relevant to aero-thermodynamic distortion induced structural
dynamic blade responses in multistage gas turbine engine components. In particular, the
flow physics of multistage blade row interactions were experimentally investigated, with
unique unsteady aerodynamic data obtained to understand, quantify, and discriminate the
fundamental flow phenomena as well as to direct the flow modeling in advanced analyses.
Data obtained investigate the flow interactions and their effect on both the aerodynamic
forcing function and the resulting unsteady aerodynamics of both compressor rotor blades
and stator vanes in a multistage environment at realistic reduced frequency values for the
first time. Namely, the effects of various aerodynamic forcing functions on rotor blade
row unsteady aerodynamic response over a range of operating conditions in a multistage
compressor environment were to be investigated.

The technical approach to achieving these experimental objectives included the
acquisition and analysis of unique unsteady acrodynamic data to quantify the aerodynamic
forcing function and the resulting unsteady aerodynamics on each rotor blade row of the
Purdue Three-Stage Axial Flow Research Compressor. Also, analytically, unsteady
viscous flow analyses were developed which model the unsteady cascade aerodynamics
generated by both a convected gust and harmonic airfoil oscillations.




Ill. RESULTS

The experimental and analytical research results obtained are contained in both the
publications and the graduate student theses. The publications describing these results are

summarized in the following, with the detailed results and publications presented in the
appendices.

These results are categorized in the following as: (1) Data Analysis, (2)
Experimental Gust Generated Unsteady Aerodynamics which is further divided into Blade
Row Response and Forcing Function Significance, and (3) Mathematical Modeling.

II1.1 Data Analysis

The acquisition and analysis of time-variant data by ensemble averaging discards
information describing significant unsteady flow phenomena.

Figure 4 presents samples of the instantaneous cross hot-wire probe signal which
make up the ensemble averaged rotor blade exit flow field together with the exit flow field
averaged 200 times. In the free stream region, the instantaneous signals are analogous (o
one another and to the ensemble averaged f{ree stream results as expected. However, the
instantaneous signals in the rotor blade wake region are somewhat surprising. Namely,
some of these instantaneous signals are analogous to one another and to the characteristics

of the ensemble averaged wake, but others differ significantly from the expected wake
profile.

P : " n N-200
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fime (ms)
Figure 4. Rotor blade exit instantaneous and averaged flow field




The unsteady flow phenomena resulting in the differences in the instantaneous rotor
blade wake data have been investigated and these data interpreted. This was accomplished
by developing a mathematical model of the rotor blade exit flow field, with a vortex street
structure for the blade wake. Predictions from this model were then utilized to interpret the
instantaneous rotor blade exit flow field data and demonstrate the existence of a vortex
street structure in the rotor blade wake. This wake vortex street structure is analogous to
the unsteady flow field behind bluff bodies due to classical von Karman vortex shedding.

II1.2 Experimental Gust Generated Unsteady Aerodynamics

Experiments to investigate the fundamental flow physics and quantify the blade row
unsteady aerodynamic response to gusts generated by inlet flow distortions and blade
wakes have been performed in an extensively instrumented research three stage axial flow
compressor for both low and high reduced frequency values, with steady loading as a
parameter. These unique data were then correlated with state of the art linearized gust
response predictions.

The significant results of these experiments, including their implications to
advanced mathematical model requirements, include the following.

Blade Row Response

* The steady aerodynamic loading level, not the incidence angle, is the key parameter
to obtain good correlation with linearized cascade gust model predictions.

* The aerodynamic forcing function chordwise gust affects both the dynamic pressure
coefficient magnitude and phase whereas the transverse gust primarily affects the
magnitudes. These effects cannot be predicted with harmonic gust models because
these data have been Fourier decomposed, with the predictions thus identical for all
forcing function wave forms. ’

* The chordwise gust is not small compared to either the absolute velocity or the
transverse gust. Thus to provide accurate predictions, unsteady aerodynamic models
must consider this gust component.

* There are large and significant differences between high and very high reduced
frequency gust generated unsteady aerodynamic response of the rotor blade row, with

10




current state-of-the art math models not able to predict these responses, Figure 5. As
blade row forced response problems are significani over the complete range of reduced

frequency values, i.e. low, high and very high reduced frequency values, advanced
math models must be developed.

Unsteady Pressure
Difference Magnitude

ICapl

Figure 5. High and very high reduced frequency rotor blade gust response

* For closely spaced stages, downstream airfoils rows are potential aerodynamic

excitation sources which affect the unsteady loading in the trailing edge region of the

upstream airfoils. Since the trailing edge is thin, it would be highly susceptible to
fatigue failure.

* Steady flow separation has a significant influence on the unsteady aerodynamics of
the separation point and also in the trailing edge region. As most forced response
problems are at off-design conditions, additional research is needed to understand

steady flow separation effects on the resulting gust generated unsteady aerodynamic
blade row response.
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* The unsteady pressure response on the blade pressure surface, i.e., the low camber
surface is primarily affected by the level of steady loading as characterized by the mean
flow incidence angle except in the accelerating mean flow field of the front chord region
at negative incidence angle.

* The unsteady pressure response on the high camber blade suction surface is
affected by the level of steady loading, i.e., the accelerating mean flow field in the front
half of the surface and the large viscous regions in the aft half of the surface. Thus, for
turbines with highly cambered high turning airfoils and accelerating flow fields, the
level of steady loading and the interaction between the steady and unsteady flow fields
must be considered. Unfortunately, no fundamental turbine blade row gust response
unsteady aerodynamic data has been obtained to date. In view of the high degree of
susceptibility of turbine blade rows to flow induced vibration problems, this area of
research needs attention, both with regard to flow induced vibrations and unsteady heat
transfer.

Forcing Function Significance

Two different two per rev aerodynamic forcing functions were considered: (1) the

velocity deficit from two 90° circumferential inlet flow distortions and (2) the wakes from
two upstream obstructions, Figure 6. These aerodynamic forcing functions to the first
stage rotor blade row were equivalent in terms of state-of-the-art linearized unsteady flow
models, including the reduced frequency, interblade phase angle and ratio of the
streamwise-to-normal gust component amplitude ratio.

—
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Figure 6. Fundamentally equivalent inlet distortion and wake forcing functions
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* The rotor steady aerodynamic performance was found to be independent of the
aerodynamic forcing function.

* The wake generated rotor row unsteady first harmonic response is much greater

than that generated by the inlet distortion, with the difference decreasing with increased
steady loading, Figure 7. Also, these results can not be predicted with state-of-the-art
lincarized gust response models as the fundamental parameters for the two forcing
functions are equivalent. Note that these are the first quantitative results clearly
showing that the forcing function fluid dynamics is significant with regard to flow
induced vibration modeling and is not considered in current state-of-the-art gust
response models.

=+=-O---AIRFOIL. WAKE RESPONSE
= =O--=INLET DISTORTION RESPONSE
STATE-OF - THE- ART PREDICTION

[CA o]a

UNSTEADY PRESSURE DIFFERENCE MAGNITUDE

Figurc 7. Inlet distortion and wake generated rotor row unsteady 15t harmonic response
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II1.3 Mathematical Modeling

The resonant conditions at which significant flow induced vibrations may occur can
be predicted with Campbell diagrams, although Campbell diagrams give no information
concerning the amplitude of the response. However, many of the resonant conditions
indicated on the Campbell diagram correspond to off-design operating conditions where
viscous effects may be significant. Thus, although considerable progress has been made in
the prediction of the unsteady aerodynamics of oscillating airfoils, these analyses are not
applicable to these off-design conditions. This is because these small perturbation analyses
are typically limited to inviscid potential flows.

To begin to address these important off-design flow conditions, two mathematical
models have been developed.

(1) The first analysis models the unsteady aerodynamics of an harmonically
oscillating flat plate airfoil, including the effects of mean flow incidence angle, in an
incompressible laminar flow at moderate values of the Reynolds number. The unsteady
viscous flow is assumed to be a small perturbation to the steady viscous flow field.
The nonuniform and nonlinear steady flow is described by the Navier-Stokes equations
and is independent of the unsteady flow. The small perturbation unsteady viscous flow
is described by a system of linear partial differential equations that are coupled to the
steady flow field, thereby modeling the strong dependence of the unsteady
aerodynamics on the steady flow.

(2) The second analysis predicts the effect of flow separation on the unsteady
aerodynamic lift and moment acting on a two dimensional flat plate cascade which is
harmonically oscillating in a subsonic flow field. The unsteady flow is considered to
be a small perturbation to the uniform steady flow, with the steady flow assumed to
separate at a specified fixed position on the airfoil suction surface. This formulation
does not require the difference in the upwash velocity across the airfoil in the separated
flow region to be determined before calculating the unsteady pressure difference in the
upwash velocity across the airfoil in the separated flow region to be determined before
calculating the unsteady pressure difference across the chordline of the airfoils, thereby
eliminating the assumption that the upwash difference is zero at the trailing edge when
the steady flow is separated. Results obtained demonstrate that although flow
separation decreases bending mode stability, it does not result in bending mode flutter.

14




However, flow separation can result in torsion mode flutter, with this instability being a
function of the location of both the separation point and the elastic axis.

In addition, a model has been develop which predicts the turbulence generated
single degree-of-freedom bending and torsion mode vibration response of a turbomachine
blade row operating in a subsonic compressible flow field. The turbulence is assumed to
be random in the neighborhood of the blade natural frequency of interest and to generate a
large number of constant amplitude harmonic unsteady aerodynamic lift forces and
moments on the blading with equally distributed frequencies. The resulting random airfoils
vibrations thus occur at the blade natural frequency. The unsteady aerodynamics generated
by the blade response i.e., the aerodynamic damping, as well as the effect of blade
aerodynamic coupling are also considered.

15
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Measurement and analysis of unsteady flow structures in rotor blade wakes

V. R. Capece und S. Fleeter

Thermal Sciences and Propulsion Center, School of Mechanical Engineering, Purdue University, West Lafayetie, IN 47907, USA

Abstract. Time-variant data are obtained to investigate the exit flow
field from a rotor in a research compressor. In the free-stream re-
gion, the instantaneous data are analogous to one another and to
the cnsemble averaged free-stream results. However, in the wake
region, some of the instantancous signals are similar to one anuther
and 1o the ensemblc averaged wake, but others differ significanily.
These variations in the instantaneous data are interpreted and
shown to be due to a vortex street structure in the wake. This is
accomplished by: (1) developing a mathematical model of the rotor
blade exit flow ficld based on a wake vortex street structure analo-
gous tu the unsteady Mlow field behind blull bodies due to classical
von Karman vortex shedding; and (2) correlating predictions of
both the ensemble averaged und instantaneous rotor blade exit flow
ficlds as well as the velocity probability density distributions from
this vortex wake flow ficld model with the corresponding data. The
correlation of the ensemble averaged rotor blade cxit ow ficlds is
very good and the flow angle distribution correlation excellent. The
predicted instantaneous rotor blade exit flow ficld cxhibits many of
the flow features found in the data. Also, the probability density
distributions for the data and the voricx wake flow ficld model are
analogous to one another.

List of symbols

N number of rotor revolutions

S, rotor blade wake width

S, vortex core horizontal spacing

S, vortex core vertical spacing

i velocity component parailel to vortex strecet motion
v velocity component normal to vortex street motion
W instantancous relative velocity

W, velocity induced by vortex street

W, free-stream relative velocity

A velocity of vortex street

x coordinate parallel 1o vortex street motion

y coordinate normal to vortex street motion

B, free-stream relative flow angle

Biaw instantaneous relative flow angie

r vortex strength

Subscripts

lower tower row of vortices

upper upper row of vortices

Superscripts

reference frame moving with vortices
with origin at vortex street centerline

reference frame moving with vortices
with origin at center of vortex rows

i latroduction

The basic unsteady flow phenomena inherent in turboma-
chine blade rows are, at present, gencrally detrimental to
both acrodynamic efficiency and durability (Mikolajczak
1976). To climinate these detrimental cffects in advanced
high performance component designs, fundamental time-
variant flow data are required. The acquisition and analysis
of such data has only recently become possible with the
development and availability of high-response transducers
and computer controlled digital data acquisition and analy-
sis syslems.

The time-vanant data of interest in turbomachines arce
typically periodic, being generated at rotor blade passing
frequency. Hence, a digital cnsemble averaging technique
based on the signal enhancement concept of Gustelow (1977)
is used for data acquisition and analysis (¢.g., Rothrock ct al.
1982, Capece et al. 1986, Shaw et al. 1986). The key to this
technique is the ability to sample data with the sume data
initiation reference over a time interval greater than the
periodic signal characteristic ime. The periodic component
of the time-variant signal is determined by averaging a serics
of corresponding digitized signals with the same data initia-
tion reference, thereby eliminating any rundom signal com-
ponents.

To demonstrate this ensemble averaging of time-variant
transducer signals, the rotor blade exit llow ficld is measured
in the Purdue University low speed research compressor
with a cross hot-wire probe positioned axially midway be-
tween the rotor and stator rows at mid-stator circumfer-
ential spacing, as schematically depicted in Fig. 1. The signal
{rom this probe is digitized and averaged over 25, 50, 75, 100
and 200 rotor revolutions to determine the rotor blade exit
Now ficld as defined by the velocity distribution (Fig. 2). The
ensemble averaging significantly reduces the random fluc-
tuations superimposed on the periodic signal, with the time-
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variant signals essentially unchanged when averaged over 75
or more rotor revolutions. It is this ensemble averaged rotor
blade exit flow field which is predicted by state-of-the-art
viscous flow models.

However, the acquisition and analysis of time-variant
data by ensemble averaging techniques discards information
describing significant unsteady flow phenomena. Figure 3
presents sumples of the instantaneous cross hot-wire probe
signals, which make up the ensemble averaged rotor blade
exit flow field, together with the exit flow ficld averaged 200
times. In the free-stream region, the instantancous signals
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Fig. 1. Schematic of flow ficld
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are analogous to onc¢ another and to the ecnsemblie averaged
free-stream results, as expected. However, the instantancous
signals in the rotor blude wake region are somewhat surpris-
ing. Namely, some of these instantaneous signals are analo-
gous 1o one another and to the charactertstics of the enscin-
ble averaged wake, but others differ significantly from the
expected wake prolile.

These differences in the instantancous rotor blade wake
region data are a result of lundamental unsteady flow phe-
nomena which are also a source of to1al pressure loss, low
unstcadiness, and acoustic excitation. These unsteady flow
phenomena, as well as the resulling instantancous rotor
blade wake region data, cannot be predicted by three-
dimeasional inviscid flow ficld models and are not compati-
bie with analyses which impose steady flow boundary condi-
tions. In additon, current flow models cannot predict the
viscous flow features within blade wakes. Thus, it is impor-
tant to interpret these 1~ tantaneous blade wake region data
and (o undersiand these unsteady low phenomena.

in this paper, the unsicady flow phenomena resulting in
the differences in the instantancous rotor blade wake data
are investigated and these data interpreted. This is accom-
plished by devcloping a mathematical model of the rotor
blade exit flow field, with a vortex street structure for the
blade wake. Predictions from this mathematical model are
then unlized to interpret the instantaneous rotor blade exit
flow ficld data and demonstrate the existence of a vortex
street structure in the rotor blade wake. This wake vortex
street flow structure is analogous to the unsteady flow ficld
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behind blufl bodies due to classical von Karman vortex
shedding. Vortex streets have been identified in the wakes
behind blufl bodies, Mlat plates, airfoils, and rotor blades,
with th: vortex shedding from airfoils with sharp trailing
edges somewhat ambiguous (Hathaway et al. 1986, Heine-
mann and Butefish 1977, Hobbs et al. 1982, Binder et al.

2 Rotor blade wake model

2.1 Model of vortex street

To v ‘erstand the basic unsteady flow features illustrated in -

Figs. 2 and 3, an investigation was undertaken using the
rotor blade wake mode! proposed by Hathaway et al. (1986).
Thus, only a brief description of the model is presented
herein.

Figure 4 presents the two-dimensional model of the rotor
blade exit flow field in the relative frame, i.c., the frame of
reference fixed to the rotor blade. The free-stream region is
assumed to be uniform, with the wake modeled by two rows
of opposite sense vortices convected downstream with the
uniform free-stream flow. These vortices are positioned such
that the vortices in one row are mid-way between the vor-
tices in the opposite row. The spacing between adjacent
vortex cores is denoted by §,, the distance between the vor-
tex cores of the two opposing rows is S,, with the width of
the rotor blade wake denoted by S,,.

Three coordinate systems are defined in Fig. 4. The (x, y)
system is fixed to the trailing edge of the rotor blade. The
(', y') coordinate sysiem is located on the centerline between
the two vortex rows and moves with the vortex cores. The
(x”, y”) coordinate sysiem also moves with the vortex cores
but is fixed to the cores of the moving vortices in either row.
The velocity components in these coordinate systems are
denoted by (4, v), (i, ), and (u”, v"), respectively.

The velocity components of the vortex cores have been
determined by Lamb (1945) in the (x”, y") coordinate system
which moves with the vortex cores, Eq.(1).

u = ;)—— = Y (I a'

T 25, cosilA ;n£> - cos| VZh;"‘ o
s, cos ns‘

where I is the vortex strength.

The vortices are assumed lo have contingous velocity
distributions. Thus, the singularity at the vortex center must
be removed. This is accomplishecd by assuming a forced
vortex motion, subtracting the contribution of an isolated
free vortex, and adding the contribution of an isolated (orced

S TE%
\4 \>“t)’%“

-
X
Xj lu-ﬂ
_____ AN <

Fig. 4. Geometry of rotor blade exit flow field vortex modcel

vortex. Thus, the velocities in the (x”, y”) reference frame are
determined by summing the contributions from the upper
(I"<0) and the lower (" >0) rows of vortices, taking into
account the singularity at the center of the vortex.

2.2 Vortex street relative to rotor

Equation (1) defines the vortex street in a coordinaie system
moving with the vortex cores in (x”, y”) coordinates. 1t is
necessary to trunsform this vortex street 1o the (', ¥') coordi-
nate system which is located on the centerline between the
two vortex rows and moves with the vortex cores.

The induced velocity of the vortex system which is com-
prised of the two opposing rows of vortices, with strengths
+I" and —I" for the lower and upper rows, respectively, in
the (£, ) coordinale system moving with the vortex cores,
is given in Eq. (2).

-r S
W= -l 2 2
=35 l.mh(ns) (2)

In the relative frame of reference of the rotor blades, the
{x, y) coordinate system, the vortex street moves with velo-
city W,.

W, =W +W, 3)

where W, is the free-stream velocity in the relative frame of
reference.

Thus, the coordinate transformation from the (A", ")
coordinates to the (X', y') system is determined by adding the
induced velocity given in Eg. (2) to the u” velocity compo-
nent in the (x”, y°) system.

2.3 Transformation to rotor reference frame

To interpret the unsteady flow phenomena which generate
the differences in the instantaneous rotor blade wake data,
the trajectory of the cross hot-wire probe through the mov-
ing vortex street is considered, i.c., the instantancous posi-
tion of the cross hot-wire probe as it traverses the vortex
street is determined. This is accomplished by transforming
the probe from the absolute frame of reference to the (x, y)
rotor relative coordinate system and accounting for the con-
vection of the vortices and the wheel speed of the rotor
blades.
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The (¥, )°) coordinate system is convecting at a velocity
i, relative to the rotor blades, with the time to convect one
vortex core spaning proportional to the vortex spacing
divided by this convection velocity. Because the starting
position of the vortices is unknown, a random value of x'/S,
between 0.0 and 1.0 is utilized to initiate the prediction of the
instantaneous position of the vortices. From the initial x'/S,
value, ail subsequent positions are determined through use
of the convection time and a time increment. The initial y'/S,
position is taken as one-half the wake width, —§,/S,, with
all subsequent positions determined from the trajectory of
the probe pusition in the relative frame.

2.4 Solution procedure

With the imtial x'/S, and )'/S, positions specified, the coor-
dinate transformations in the (x”, y") reference frume are
resolved. These velocities are then transformed to the (v, y')
reference frame and then to the rotor relative reference
frame. Finally the instantancous relative velocity and flow
angle are calculated.

W=t + ot (4a)

I‘in:l = tan l[:‘;]

2.5 Rutor exit flow field in absolute coordinates

The instantaneous rotor exit relative velocities are trans-
formed to the ubsolute frame of reference by considering the
velocity triangles depicied in Fig. 1. Using the relative veloc-
ity and flow angle, Eq. (15), together with the free-stream
averaged relative exit flow angle, § . the instantaneous rela-
tive exit flow angle is determined, Eq.(5). This is used to
transform the velocities and flow angles from the relative to
the absolute reference frame.

B=8.+Biau )

This rotor blade wake model is quite general. To utilize
this model to interpret the instantaneous rotor blade exit
flow field data, the vortex geometry and strength must be
specified. The geometric parameters are the vortex core
radius ratio, r,/S,, the vortex spacing ratio, S,/S,, and the
width of the wake, S, with the vortex strength given by
I2xS W, .

2.6 Vortex geometry for research compressor

To apply this voriux street wake modcl 1o the rotor blade
exit flow ficld data obtained in the Purdue University Re-
search Compressor, the vortex geometry and strength are
specificd as follows. The vortex vertical spacing, S, , is tuken
to be one-hall the wuke width, S_. The vortex vertical spac-
ing is adjusted such that the predicted ensemble averaged
rotor blade wake has the same width as the measured wake.
The vortex strength, I'/2zS, W, , and the vortex spacing
ratio, §,/S,, are determined by the deficit of the ensemble

Experiments in Fluids 7 (1989)

Table 1. Rotor blade vortex strect paramelers

Spacing ratio (5,/8,) 0.70

Corc-radius ratio (r,,/S)_) 0.50

Vurtex strength (Zir S",' Wj) 0.06
4 (W

Induced velocity ratio W 0.18

Wike width ratio (5,,/3,) 1.40

averaged rotor blade wake and the probability density dis-
tributions.

A study of these key parameters revealed that increasing
S, /3, decreases the width of the probability density distribu-
tions and increases the number of velocity measurements,
while increasing the vortex strength increases the width of
the probability density distributions and decreases the num-
ber of velocity measurements per bin. For this investigation,
the vortex strength is aken to be 0.06 and the spacing ratio
0.70. The parameters for the vortex model are summarized
in Table 1.

3 Results

The instantancous rotor blade exit flow field data previously
presented in Fig. 3, are now interpreted with this rotor blade
vortex wake model. This is accomplished by correlating pre-
dictions of both the enscmble averaged and instantancous
rotor blade exit flow fields as well as the velocity probability
density distributions from this vortex wake flow field model
with the corresponding data.

The instantancous data are acquired by sampling and
digitizing the time-variant hot-wire signals with the same
data initiation reference. This sampling and digitizirg mca-
surement technique is simulated in the vortex model through
the use of a rundom number generator to establish the in-
slantaneous posilion of the vortices at the start of each
sampling. For both the data and the mathematical model, a
series of corresponding digitized signals is generated by
repeating this signal sumpling process, with the ensemble
averaged rotor blade exit flow ficld then determined by aver-
aging this series of digital data samples.

Figure 5 presents both the predicted and the measured
rotor blade exit flow ficld alter 200 averages. The correlation
of the velocity field is very good. The predicied velocity
distribution is symmetric while the data are not due 1o the
steady loading on the rotor blades, with the predicted veloc-
ity deficit somewhat less than that measured. The flow angle
distribution correfation is excellent.

Sampiles of the instantaneous rotor blade exit flow field
predicted by the vortex wake mode! are presented in Fig. 6.
The predictions exhibit many of the instantaneous flow fea-
tures previously noted in the data presented in Fig. 3. In the
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L0 (ree-stream region, the instantancous data are similar to one

! another and 1o the ensemble averaged free-stream results.

10 SN o ; However, in the wake region, some of the instantancous

@ 2 ‘ signals are similar 1o one another and o the ensemble aver-

£ aged wake, but others differ significantly. Thus, these varia-

z ZOT ) tions in the data, as well as in the predictions, are a result of
g - g:ggl" [‘:'i':n"' the vortex street structure of the rotor blade wake.

10 The velocity probability density distributions for the en-

semble averaged measured and predicted rotor blade exit

, A L 1 flow fields are investigated at five cxit flow field positions. As

Flow angle

0 25 50 7% 100
Blade pitch (4}

Fig. 5. Correfation of predicted and measured ensemble averaged
rotor exit flow ficld

indicated schematically in Fig. S, positions 1 and 5 are on
opposite sides of the wake in the free-stream region, posi-
tions 2 and 4 are on the two wake edges, and position 3 is
at the center of the wake. The velocity probability density
distributions are constructed with 0.5 m/s bins, and are pre-
sented in Figs. 7--9, with the center velocity of each bin as the
ordinate and the number of velocity measurements which
occur within a velocity bin as the abscissa.

The probability density distributions determined from
the data in the free-siream, on the wake edges, and on the
centerline of the wake are presented in Figs. 7 9, respective-
ly. In the free-stream region outside of the wake, these distni-
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Fig. 6. Predicied instantaneous and ensemble averaged rotor exit low field velocitics
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probability density distributions

butions are single valued, with the most probable velocity
occurring in the bin centered at 31 m/s. On the edges of the
wakes, the probability density distributions exhibit a broad
range of velocities with the two most probable velocities
indicated. At the wuke centerline, a still broader range of
velocities are found, although the most probable velocities
are not clearly apparent;

The analogous wake vortex model predicted free-stream,
wake edge, and wake centerline probability density distribu-
tions are also presented in Figs. 7-9. These distributions
exhibit the same trends as those determined from the data.
In particular, the free-stream distributions are single valued
and the wake edge and centerline distributions broader, with

the two most probable velocities indicated not only on the
wiuke edges but also on the centerline of the wake.

4 Summary and conclusions

Unsieady flow phenomena which are a source of total pres-
sure loss, flow unsteadiness, and acoustic excitation, result in
significant differences in the instantaneous rotor blade wake
region data. These differences have been investigated and the
data interpreted. This was accomplished by: (1) developing
a mathematical model of the rotor blade exit flow ficld based
on a vortex street structure for the wake which is analogous
1o the unsteady flow field behind bluff bodies due to classical
von Karman vortex shedding; and (2) correlating predic-
tions of both the ensemble averaged and instantancous rotor
blade exit flow fields as well as the velocity probability densi-
ty distributions from this vortex flow ficld model with the
corresponding data.

Correlation of the ensemble averaged predicted ind mea-
sured rotor blade exit flow ficlds was very good and the flow
angle distribution correlation excellent. The instantancous
rotor blade exit flow field predicted by the vortex wake
modecl was shown to exhibit many of the instantancous flow
features previously noted in the data. Namely, some of these
instantancous results were analogous o one another and 1o
the characteristics of the ensemble averaged wake, but others
differed significantly from the averaged wake profile.

Probability density distributions from both the data and
the vortex wake flow field model were also investigated in
the frec-strcam, on the wake cdges, and on the centerling of
the wake. The vortex wake model distributions exhibit the
same trends as those determined from the data. In the free-
stream region outside of the wake, these distributions are
single valued. On the edges of the wakes, the probability
density distributions exhibit a broad range of velocities with
the two most probable velocities indicated. At the wake
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centerline a still broader range of velocities is found, with the
modc! distributions indicating a dual peak but the probable
velocities (rom the data are not clearly apparent.

Thus, it is concluded that the variations in the instanta-
neous data in the wake region are a result of the vortex street
structure of the rotor blade wake.
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Multistage Interaction Gust
Aerodynamics

The fundamental flow physics of multistage blade row interactions are experimen-
tally investigated at realistic reduced frequency values. Unique data are obtained
that describe the fundamental unsteady aerodynamic interaction phenomena on the
stator vanes of a three-stage axial flow research compressor. In these experiments,

the effect on vane row unsteady aerodynamics of the following are investigated and
quantified: (1) steady vane aerodynamic loading; (2) aerodynamic Jorcing func-
tion waveform, including both the chordwise and transverse gust components; (3)
solidity; (4) potential interactions; and (5) isolated airfoil steady flow separation.

Introduction

Airfoil rows of advanced gas turbine engines are susceptible
to destructive aerodynamically induced vibrational responses,
with upstream blade and vane wakes the most common excita-
tion source. For example, in the single-stage compressor flow
field schematically depicted in Fig. 1, the rotor wake velocity
deficits appear as a temporally varying excitation source to a
coordinate system fixed to the downstream stator vanes, i.c.,
the rotor blade wakes are the forcing function to the
downstream stator vanes. Also as shown, the reduction of the
rotor relative velocity causes a decrease in the absolute velocity
and increases the incidence to the stator vanes. This produces
a fluctuating aerodynamic lift and moment on the vanes,
which can result in high vibratory stress and high cycle fatigue
failure.

First-principle forced response predictive techniques require
a definition of the unsteady forcing function in ‘erms of har-
monics. The total response of the airfoil to each harmonic is
then assumed to be comprised of two parts. One is due to the
disturbance being swept past nonresponding airfoils. The sec-
ond arises when the airfoils respond to the forcing function. A
gust analysis predicts the unsteady aerodynamics of the
nonresponding airfoils, with a harmonically oscillating airfoil
analysis used to predict the additional motion-induced
unsteady aerodynamics.

Both gust and harmonically oscillating unsteady
aerodynamic models are being developed (e.g., Fleeter, 1973;
Verdon and Caspar, 1981; Englert, 1982; Atassi, 1984; Chiang
and Fleeter, 1988). Within these models are many numerical,
analytical, and physical assumptions. Unfortunately, there is
only a limited quantity of high reduced frequency data ap-
propriate for model verification and direction.

’Curtently ot Pratt & Whitney Engineering Division South,

Contributed by the lniernational Gas Turbine Institute and presented at the
33rd international Gas Tutbine and Aeroengine Congress and Exhibition,
Amsterdam, The Netherlands, June 5-9, 1988 Manuscript received st ASME
Headquarters February 11, 1988. Paper No. 83-GT-%6.
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Carta and St. Hilaire (1979) and Carta (1982) measured the
surface chordwise unsteady pressure distribution on an har-
monically oscillating cascade in a linear wind tunnel. This
work was extended by Hardin et al. (1987) 10 an isolated rotor
with oscillating blades. In addition, inlet distortion generated
gust response unsteady aerodynamics were also studied.
Although the interblade phase angles in these experiments
were within the range found in turbomachines, the reduced
frequencies, less than 0.4, were low for forced response
unsteady aerodyanmics found in the mid and aft stages of
multistage turbomachines where the reduced frequency is
typically greater than 2.0. Fleeter et al. (1978, 1980, 1981) in-
vestigated the effects of airfoil profile and rotor-stator axial
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Nominol Fiow
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Wake Reglon
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Velocity

Fig. 1 Single-stage compressor flow feid
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Table 1 Oversil compressor end airfoN charscteristics

ROTOR STATOR
Airfoll ‘Type (61 ] 4
Number of Alrfoils 43 L}
Chord, € (inm) 30 n
Solidity, C/8 1.14 1.00
Camber, # L2795 27.70
Stagger Angle, )\ an -an.t
Asperet Ratio 2.0 2.0
Thirknese/Chard (97) 1n 10
Axial Gap (em) 1.27
Flow Rate (kg/s) 2.68
Design Axial Veloelty (m/a) 32.0
Rotational Speed (RPM) o0
Numher of Stages 3
Stage Pressnee Natio 1.003
Infet Tip Diameter (iInm) 20
tuh/Tip Madius Ratio 0714
Stage FMcieney (75) L

spacing on the transverse gust unsteady aerodynamic response
in a single-stage, low-speed research compressor at realistic
values of the reduced (requency, with these data also showing
the influence of the forcing function waveform.

These previous experimental investigations were performed
in linear cascades, isolated rotor rows, and single-stage com-
pressors. They did not consider the multistage and potential
interaction effects that exist in the mid and aft stages of tur-
homachines. For multistage compressors, the unsteady
aerodynamics on the first two vane rows of a three-stage low-
speed research compressor were studied for the first time by
Capece et al. (1986). The transverse gust forcing function and
the chordwise distributions of the harmonic pressure dif-
ference coefficients on the first two vane rows were deter-
mined for a variety of geometric and compressor operating
conditions. These results indicated that the unsteady
acrodynamic loading of an airfoil row was related to the
aerodynamic forcing function, which itself is significantly in-
fluenced by the multistage blade row interactions. Thic work
wae extendal by Uapeve and Fleeter (1987) to include all three
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vane rows, with the effects of both the transverse and chord-
wise gust components quantified.

In this paper, the fundamental flow physics of multistage
blade row interactions are experimentally investigated at
realistic reduced frequency values, with unique data obtained
to describe the fundamental unsteady aerodynamic
phenomena on the stator vanes of a three-stage research com-
pressor. In particular, a series of experiments are performed to
investigate and quantify the effect of the following on vane
row unsteady aerodynamics: (1) steady loading; (2) forcing
function waveform, including both the chordwise and
transverse gust components; (3) solidity; (4) potential interac-
tions, and (5) steady flow separation.

Research Compressor and Instrumentation

The Purdue University Three-Stage Axial Flow Research
Compressor Is driven by a 15 hp d-c electric motor over 2
speed range of 300 to 3000 rpm. The three identical com-
pressor stages consist of 43 rotor blades and 41 stator vanes,
with the first-stage rotor inlet flow field controlled by variable
setting angle inlet guide vanes. The free-vortex design airfoils
have a British C4 section profile, a chord of 30 mm, an aspect
ratio of 2, and a maximum thickness-to-chord ratio of 0.10.
The overall airfoil and compressor characteristics are
presented in Table 1.

The aerodynamic forcing functions to the stator rows are
the upstream airfoil wakes. The first-stage vane row forcing
function is varied by changing the setting angle of the inlet
guide vanes, thereby altering the inlet flow to the first stage
rotor (Fig. 2). This results in a change in the rotor biade exit
flow field, in particular, the chordwise and transverse gust
components. The second and third-stage vane row forcing
function variations are accomplished by independently cir-
cumferentiaily indexing the upstream vane rows refative to one
another, as also depicted.

The stator vane forcing function is quantified by measuring
the stator inlet time-variant velocity and flow angle with a
cross-wire probe located midway between rotor and stator at
midstator circumferential spacing (Fig. 1). The rotor mean ab-
solute exit flow angle is determined by rotating the probe until
a zero voltage difference is obtained between the two hot-wire
channels. This mean angle is then used as a reference for
calculating the instantaneous absolute and relative flow angles
and defines the vane steady incidence angle. From the instan-
taneous velocity triangles, the individual fluctuating velocity
components parallel and normal to the mean flow, the
aerodynamic gust components, are calculated. The accuracy
of the velocity magnitude and angle are +4 percent and +2
deg, respectively.

The steady and unsteady aerodynamic loading on the vane
surfaces are measured with chordwise distributions of
midspan surface pressure taps and tranducers. Flow visualiza-
tion along this streamline shows the flow to be two dimen-
sional for the operating conditions of this investigation. A

Nomenciature
C = vane chord C, = satic pressure
C, = steady lift coefficient coefficient = (p~ pm)/ u* = instantaneous chordwise gust
c | component
= S (P, =P, )dx/ - U @* = first harmonic chordwise gust
o 2 U, = blade tip speed
t { = incidence angle v* = instantaneous transverse gust
—p UIC k = reduced frequency =wC/2V, component
2 P = stator surface static pressure ¢* = first harmonic transverse gust
C, = first harmonic dynamic Pen = Stator exit static pressure V, = absolute axial velocity
pressure coefficient Ap = first harmonic dynamic 3 = solidity
=Ap/p V, ¥* pressure difference « = blade passing frequency
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reverse transducer mounting technique is wilized to minimize
disturbances, with the transducer connected (o the measure-
ment surface by a pressure tap. Static and dynamic calibra-
tions of the embedded transducers demonstrate no hysteresis,
with the mounting method not affecting the frequency
response. The accuracy of the unsteady pressure
measurements is + 3.5 percent.

Data Acquisition and Analysis

The steady-state data define the steady aerodynamic loading
on the vane surfaces and the compressor operating point. A
foot-mean-square error analysis is performed, with the steady
data defined as the mean of 30 samples and their 95 percent
confidence intervals determined. The detailed steady loading
on the vanes is defined by the chordwise distribution of the
vane surface steady static pressure coefficient C,. with the
overall loading level specified by the incidence angle i and the
steady lift coefficient C,.

The time-variant data quantify the aerodynamic forcing
function and the resulting unsteady pressure difference on the
stator vanes, and are analyzed by means of a data-averaging
or signal enhancement concept, as proposed by Gostclow
(1977). The key to this technique is the sampling of data a1 a
preset time, which is accomplished with a shaft-mounted op-
tical encoder. At a steady-state operating point, an averaged
time-variant data set consisting of the two hot-wire and the
vane-mounted transducer signals, digitized at a rate of 200
kHz and averaged over 200 rotor revolutions, is obtained.
Each is Fourier decomposed into harmonics by means of a
Fast Fourier Transform algorithm, with the magnitude and
phase angie of the first harmonic referenced to the data initia-
tion pulse determined. Analyzing the data in this form was
found to be equivalent to averaging the Fourier transforms for
each rotor revolution. Also, ensemble averaging and then
Fourier decomposing of the signal is used because it
significantly reduces the data storage requirements.

The rotor and stator spacing, the axial spacing between the
vane leading edge plane and the probe, and the absolute and
relative flow angles are known. To time relate the hot wire and

vane surface unsteady pressure signals, the rotor exit velocity -

triangles are examined and the following asumptions made:
(1) The wakes are identical at the hot wire and stator leading
edge planes, and (2) the wakes are fixed in the relative frame.
The wakes are located relative to the hot wires and the leading
edges of the instrumented vanes and the times at which the
wakes are present at various locations determined. The in-
cremented times between occurrences at the hot wire and the
vane leading edge planes are then related to phase differences
between unsteady velocities and the vane surfaces. These
assumptions are necessary in order to correlate the data with a
gust analysis, which fixes the gust at the airfoil leading edge.
The hot wire was located approximately midway between the
rotor and stator and was less than 23 percent of the stator
chord upstream of its leading edge.

In final form, the detailed waveform of the aerodynamic
forcing function is specified by the first harmonics of the
chordwise and transverse gust components, &' and °,
respectively. The unsteady pressure data describe the chord-
wise variation of the first harmonic pressure difference across
8 SIator vane, presented as a dynamic pressure difference coef-
ficient magnitude and phase. As a reference, these data are
correlated with predictions from Fleeter (1973). This gust
analysis assumes the flow to be inviscid, irrotational, two
dimensional, and compressible. Small unsteady transverse
velocity perturbations, v*, are assumed to be convected with
the uniform flow past a cascade of flat plate airfoils. The
parameters modeled include the cascade solidity, stagger
angle, inlet Mach number, reduced [requency, and the in-
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terbiade phase angle. The analysis does not comsider flow
separation or chordwise gust perturbations u* .

Three stator vane solidities are investigated: the design value
of 1.09; a reduced value of 0.545; and 0.10, which results in a
spacing between vanes large enough so that the influence of
neighboring vanes is negligible; i.e., each vane is an isolated
airfoil. The resulits are presented for each solidity for varia-
tions in one of the key parameters. All design solidity data, ex-
cept for the potential interaction effects, are presented for the
first stator vane row. The data sets for the other soliditics are
presented for the third stator vane row. Since there are no air-
foil rows downstream of the third stage vane row, there are no
potential interaction effects on the trailing edge region of these
vanes. Data from Capece and Fieeter (1987) havt been added
for the design solidity in order to have a complete presentation
of the results and to indicate the significant effccts that solidi-
ty has on the unsteady acrodynamic response of the stator
vanes. Also, the error in the static pressure coefficient data is
represented by the symbol size.

Vare Steady Loading

Steady serodynamic loading effects are considered for the
design and reduced solidities of 1.09 and 0.545. The first har-
monics of the forcing function are maintained nearly constant
(Fig. 3). Note that relative to the absolute velocity, the instan-
tancous gust components are not small. For exampie, the in.
stantaneous transverse and chordwise gust components are ap-
proximately 40 and 25 percent of the absolute velocity at - 5.9
deg of incidence. However, in terms of the first harmonics

these gust components are approximately 11 and 6 percent of
the absolute velocity.
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For each solidity, the vane surface steady pressure distribu-
tions are smooth and show no indication of Mow separation
(Fig. 4). At the design sofidity, the surface static pressures for
the lift coefficient of 0.268 are greater than those for the lift
coefficient of 0.176, a result of the inlet guide vane indexing
altering the compressor operating point. Also, the reduced
solidity has much higher pressure differences and steady lift
coefficients due to the decreased number of vanes.

The resulting chordwise distributions of the dynamic
pressure difference coefficient and the predictions are shown
in Fig. $. At the design solidity, good correlation exists be-
tween the magnitude data and the prediction for the lift coeffi-
cient of 0.176, with an increase in lift to 0.268 resulting in
pooter correlation. The higher loading data are decreased in
amplitude relative to both the prediction and the lower loading
data over the front 25 percent of the vane. Aft of 23 percent
chord, the data correlate well with each other and the predic-
tion until 63 percent chord, with both data sets then increasing
to a larger value than the prediction.

The phase data exhibit a somewhat different chordwise
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coefficient

distribution than the prediction. In particular, the phase data
are increased relative to the prediction over the first 14 percent
of vane chord. The data then decrease to the level of the
prediction and then increase to values greater than the predic-
tion with increasing chordwise position. The phase data for
both loading fevels exhibit the same trends, with the higher
loading data increased relative to both the prediction and the
lower loading data over most of the chord. The differences
between the phase data and the prediction are attributed to the
vane camber and the detailed steady loading distributions on
the vane surfaces.

The magnitude data for the reduced solidity are also
decreased relative to the prediction over the front 50 percent
of the vane, with the higher loading data having, in general, a
decreased amplitude relative to the lower loading data. The
decrease in amplitude refative to the prediction is due to the
high levels of steady aerodynamic loading. Aft of 50 percent
chord, the magnitude data increase to the ievel of the predic-
tion and show better correlation. The phase data increase to a
level larger than the prediction over the front 14 percent of the
vane, then decrease toward the prediction, and from approx-
imately 25 to 50 percent chord, the phase data are almost con-
stant. Aft of SO percent chord this trend changes, with the
higher loading data decreased relative to both the lower
loading data and the prediction, and then increasing as the
chordwise position increases. Thus, from these results it is evi-
dent that steady loading primarily affects the magnitude of the
dynamic pressure difference coefficient.

The best correlation of the dynamic pressure difference
coefficient data and the prediction is obtained at the fow level
of steady loading at the design solidity, as expected, ince this
most closely approximates the unloaded flat plate cascade
model. Also, the steady loading level and distribution have a
significant effect on the unsteady aerodynamics of the vane
row. In general, different airfoil designs will produce different
steady surface pressure distributions and steady lift for the
same incidence angle. Therefore, the level of steady
serodynamic loading, not the incidence angle, is the key
parameter in obtaining good correlation with mathematical
models.

Aerodynamic Forcing Function

The influence of each gust component on the complex
dynamic pressure coefficient, with the steady aerodynarmc
loading held constant, is considered.

Transverse Gust. The surface static pressure distributions
for each solidity are smooth, with no evidence of separation
and only small variations apparent near the leading edge,
which result in the slight variations in the steady lift coeffi-
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cients (Fig. 6). As the solidity is decreased, there is an increase
in the level of steady surface pressures and a corresponding in-
crease in the steady lift coefficient. The chordwise gust i* is
held approximately constant while the transverse gust * is
varied (Fig. 7), with the difference between the configurations
specified by the first harmonic gust ratio &°* /5* .
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The effect of the transverse gust on the chordwise distribu-
tions of the dynamic pressure difference coefficient data is
presented in Fig. 8. At the design solidity, both configurations
show the magnitude data to be decreased relative to the predic-
tion over the leading 30 percent of the vane, with the (i * /¢*)
data of 0.630 having a decreased amplitude relative (o the
0.447 data. However, in the midchord region, the data for
these two configurations correlate well with each other and
with the prediction. As in the previous cases, aft of 70 percent
chord the data increase relative to the prediction. This is a
resuit of both the potential interaction from the downstream
second-stage rotor row and the parallel gust component «',
as the design solidity data are acquired on the first stage. This
phenomenon will be discussed in greater detail in the section
on Potential Flow Interactions.

The reduced solidity and the isolated airfoil data show a dif-
ferent trend with the ratio of (4 * /9*) than that of the design
solidity, with the data for the larger values of (i /i*) in-
creased in value relative to the lower values. This is opposite to
the trend noted at the design solidity. However, examination
of the magnitudes of the first harmonics of the chordwise gust
component i * indicates that the magnitudes of the chordwise
gust are lower in value than the design case. This indicates that
the chordwise pressure distributions are not governed simply
by the ratio of the two gust components but also by their
magnitudes.

For each of the reduced solidity values, 0.545 and 0.10, the
magnitude data are generally decreased relative to the predic-
tion over the leading 50 percent of the vane, with the lower
(i* /6*) data having a decreased amplitude relative to the
higher (11 ¢ /i * ) data. In the trailing edge portion of the vane,
the magnitude data correlate well with each other but are in-
creased in level relative to the prediction. This is a result of the
chordwise gust, which is not considered by the model.

The design solidity phase data are increased relative (o the
prediction over the front 14 percent of the vane, decrease to
the level of the prediction at 22 percent chord, and then in-
crease to values greater than the prediction with increasing
chordwise position, becoming nearly constant aft of 40 per-
cent chord. At the reduced solidity, the phase data are in-
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Fig. # Aerodynamic lorcing function for chordwise guet study

creased relative to the prediction over the entire vane chord,
being nearly constant in the 22 to 38 percent chord region. For
the isolated airfoil, the phase data show good trendwise cor-
relation with the prediction over the leading 29 percent of the
vane, with the (#°/6* ) data of 0.245 decreasing relative to
both the prediction and the (&* /5% ) 0.218 data. Aft of 29
percent chord, where the vane does most of its turning, the
phase data decrease until 54 percent chord and then increase
with increasing chordwise position.

These results show that the transverse gust primarily in-
fluences the magnitude of the dynamic pressure difference
coefficient. Also, the unsteady data variations with forcing
function waveform cannot be predicted by harmonic gust
models. This is because the forcing function waveforms and
the resulting unsteady pressure distributions have been Fourier
decomposed, with the first harmonic of the unsteady data
presented. Thus, sll of these first harmonic data are correlated
with the same prediction curve; i.e., the predictions from these

harmonic gust modeis are identical for all of the forcing func-
tion waveforms.

Chordwise Gust. The efflect of the forcing function chord-
wise gust component #* on the vane row unsteady
aerodynamics for each solidity Is considered. This is ac-
complished by establishing compressor configurations such
that the transverse gust and the steady serodynamic loading
are nearly identical; see Figs. 9 and 10, respectively.

The resulting chordwise distributions of the dynamic
pressure coefficient data and the predictions are presented in
Fig. 11. In general, the magnitude data exhibit anaiogous
trends for each solidity, decreasing over the front of the vane
and increasing over the aft part. The magnitude data increase
over the prediction at the design solidity, whereas they in-
crease up (o the prediction for the other two solidity values.
This is agsin the result of the design solidity data being ac-
quired on the first stage, with the data for the other solidities
being acquired on the third stage. Also, the higher (i /6° )
data are decreased refative to both the prediction and the
lower (1 ° /0) data for each solidity. This is particulasly ap-
parent at the design and reduced solidity.

The design solidity phase data at & (i@ ' /¢* ) of 0.611 show
good trendwise correlation with the prediction over the aft 50
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percent of the vane while the lower (4*/0*) data are in-
creased relative to the prediction, as seen in previous cases.
Over the front 50 percent of the vane, the data correlate trend-
wise with each other but are increased compared to the predic-
tion. The reduced solidity phase data are increased relative to
the prediction and remain relatively constant over the entire

Journal of Turbomachinery

vane chord, with the (4 * /0" ) phase data of 0.634 cunsistent-
ly increased over the (1* /5* ) 0.436 data.

A somewhat different trend is evident in the phase data for
the isolated aii foil than previous isolated airfoil cases and 1he
other solidity values. In this case, the data are seen (0 correlate
trendwise with the prediction over the front of the vane, then
decrease slightly lower than the prediction and remain almost
constant for the remainder of the vane. In addition, the phase
data for these two configurations correlate quite well with one
another over almost the entire vane. Comparing these results
to the phase data of Fig. 8 for a (i* /v* ) of 0.218 indicates
that loading has a dramatic effect on the phase as well as the
magnitude data: Both the phase and the magnitude data show
the maximum deviations from the analysis in the 25 to 50 per-
cent chord locations. Aft of this point the magnitude and
phase increase to the prediction.

The differences apparent in the dynamic pressure difference
coefficient phase data for the three different solidity values are
a result of the details of the steady static pressure distributions
and the spacing between the airfoils. As the airfoil spacing in-
creases for low levels of aerodynamic loading, the correlation
of the phase data with the predictions gets increasingly better.
This indicates that the influence of adjacent airfuils is much
greater than predicted by the zero incidence flat plate analysis.

Thus, both the transverse and chordwise gust components
affect the magnitude data, with the chordwise gust having a
larger influence on the phase, particularly at the design solidi-
ty. In addition, the magnitude of the chordwise gust is not
small as compared to ecither the absolute velocity or the
transverse gust.

Potential Flow Interactions

Data in the vane trailing edge region are consistently in-
creased relative to the prediction. Part of this increase is at-
tributable to the chordwise gust that is not modeled by the
prediction. However, (irst-stage magnitude data exhibit targer
deviations in the trailing edge region than third-stage data with
similar steady lift coefficients. To investigate this
phenomenon, unsteady data are acquired on the second and
third stages at the design solidity for operating conditions
where the steady loadiny, and the forcing function are nearly
identical (Fig. 12). Thus the only difference between these two
configurations is the presence of the third stage downstream
of the second-stage stator row.

The resulting dynamic pressure difference coefficient data
and corresponding prediction are presented in Fig. 13. The
magnitude data are decreased relative to the prediction over
the leading 30 percent of the vane due to the steady loading
level, with the deviations in the amplitude attributed to the dif-
ferences in the steady surface pressure distributions in the
leading edge region. Aft of 30 percent chord, the data increase
to the level of the prediction, with the second-stage data higher
in amplitude than the third-stage data, particularly in the trail-
ing edge region. Since the steady pressure distributions and the
forcing function are nearly identical, this deviation of the
second-stage data is attributed to a potential interaction effect
caused by the downstream third stage. The increase of the
third-stage data above the prediction in this region is a result
of the chordwise gust since there are no downstream airfoil
rows, with the further increase in the second-stage data due to
the potential interaction.

The phase data also show different trends in the trailing
edge region due to potential interactions. Over the front part
of the vane, the data are increased with respect to the predic-
tion, but then decrease in relation o the prediction at 22 per-
cent chord. The data then increase until 50 percent chord, with
the data up to this point exhibiting good trendwise correlation.
Aft of 50 percent chord the second-stage data are nearly con-
stant with increasing chordwise position, whereas the third-
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stage data show another decrease in phase and then increase
with incressing chordwise position.

Thus, potentisl interaction effects influence both the
magnitude and phase, with the larger effect being upon the
magnitude of the dynamic pressure difference coefflicient.
Hence, the downstream airfoil row is another aerodynamic ex-
citation source to the upstream blade or vane row and would
act on the trailing edge region.

Isolated Alrfoll Separation

The effect of separated flow on the stator vane unsteady
aerodynamics for a solidity of 0.10, i.e., an isolated airfoil, is
now investigated. The separated flow is generated by restag-
gering the stator vanes such that a mean low incidence angle
of 8.2 deg is established. At this incidence angle, the flow
separates from the vane suction surface ss indicated by the
region of constant static pressure, which originates at 38 per-
cent chord (Fig. 14). The separated (low data are compared
with data for & configuration where the steady lift coeflicient
and both the chordwise and transverse gust componets are
neacly identical, but the flow s not separated.

The resulting dynamic pressure difference coefficient data
and the attached flow flat plate prediction are shown in Fig.
15. The attached and separated flow data show somewhat dif-
ferent trends in the leading and trailing edge regions. The
separated flow magnitude data are nearly constant over the
front 14 percent of the vane, whereas the attached flow data
and prediction indicate s decrease in amplitude with increasing
chordwise position. Aft of 14 percent chord the dsta show
anslogous trends, with both separated and attached flow data
decreasing with increasing chordwise position and attaining a
minimum amplitude value at 20 percent chord, similar to
previous isolated sirfoil resuits. The magnitude data for both
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Fig. 15 Steady suction surfsce sepesration effect on the complex
unsteady pressure coefficient

cases then gradually increase to values that are greater than the
prediction at 54 percent chord, with the attached flow data be-
ing lower in magnitude up to this point. Both data sets then
decrease with further chordwise position, with the separated
data decreased in amplitude relative to both the prediction and
the attached Mow data. This is a result of the increased steady
loading in this region of the airfoil due to the separation zone.

The attached and separated flow phase data have different
trends near the separation point and in the trailing edge
region. Over the front 22 percent of the vane, the data and the
prediction show analogous trends, being nearly constant. The
separated data are increased relative to the prediction, with the
attached flow data exhibiting excellent correlation with the
prediction. Aft of 22 percent chord the separated data in-
crease, whereas the attached flow data decrease relative to the
prediction. In the separated flow region, both the separated
and attached flow data exhibit similar trends. However, at 70
percent chord the separated data indicate a jump to values
larger than the prediction and increase with further chordwise
position. On the other hand, the attached fMlow phase data
show a gradual increase. Thus, separation affects both the

magnitude and phase of the dynamic pressure difference
coefficient.

Summary and Conclusions

A series of experiments were performed to investigate the
wake-generated gust serodynamics on each vane row of a
three-stage axial flow research compressor at high reduced fre-
quency values, including multistage interactions. In these ex-
periments, the effects, on vane row unsteady aerodynamics of
the following were investigated and quantified: (1) steady vane
aerodynamic loading; (2) aerodynamic forcing function
waveform, including both the chordwise and transverse gust
components; (J) solidity; (4) potential interactions; and (5)
isolated sirfoil steady flow separation. The analysis of these

unique vane row unsteady aerodynamic data determined the
following.

¢ The steady aerodynamic loading level, not the incidence

angle, is the key parameter to obtain good correlation with Nat
plate cascade gust models.

* The steady loading level and chordwise loading distribu-
tion have a significant effect on vane row unsteady
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actodynamics, haviug a larger influence on the magnitude
than on the phase.

o The acrodynamic forcing function chordwise gust affects
both the dynamic pressure coefficient magnitude and phase,
whereas the transverse gust primarily affects the magnitude.
These effects cannot be predicted with harmonic gust models
because these data have been Fourier decomposed, with the
predictions thus identical for all forcing function waveforms.

¢ The chordwise gust is not small compared to either the
absolute velocity or the transverse gust. Thus, to provide ac-
curate predictions, unsteady aerodynamic models must con-
sider this gust component.

¢ For closely spaced stages (the compressor rotor-stator ax-
jal spacing herein is 0.432 chord), downstream airfoil rows are
potential acrodynamic excitation sources, which affect the
unsteady loading in the trailing edge region of the upstream
airfoils. Since the trailing edge is thin, it would be highly
susceptible toa fatigue failure.

¢ Flow separation of the low solidity vane row aflects the
unsteady surface pressures upstream of the separation point,
with the phase affected in the trailing edge region.
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Inlet Distortion Generated Periodic Aerodynamic
Rotor Response

STEVEN R. MANWARING and SANFORD FLEETER
Thermai Sciences and Propuision Center
School of Mechanical Engineering
Purdue University
Waest Lalayette, indiana

ABSTRACT

Fundamental inlet distortion generated rotor blade row
unsteady serodynamics, including the effects of both the
detailed aerodynamic forcing function for the first time and
steady loading are experimentally investigated in an
extensively instrumented axial fow research compressor. A
two-per-rev forcing function with three gust amplitude ratios
is generated. On the rotor blade pressure surface, the
unsteady pressure nondimensionalization compresses the
magnitude data with mean flow incidence angle. This is not
the case on the higher camber suction surface. Also, these
pressure surface unsteady data are primarily affected by the
steady loading level whereas the suction surface unsteady
data are & [function of the steady loading level and
distribution as well as the gust amplitude ratio. In addition,
a design inlet distortion blade surface unsteady pressure
correlation is considered.

NOMENCLATURE

b Rotor blade semichord

Cy Rotor blade steady loading =

- ‘(Cp.pnnm - Cp,wcﬁon) dx

C, otor blade steady pressure coefficient

Cp Rotor blade unsteady pressure coefficient

Cap Rotor blade unsteady pressure difference coefficient

i Rotor blade mean incidence angle

k Reduced frequency = wb/V,

R Digitized ensembled averaged unsteady pressure

P, Rotor blade surface steady pressure

) . First harmoaic complex unsteady pressure

a N Streamwise gust first harmonic component

A Transverse gust first harmonic component

V, Mean axial velocit

A‘I.V Total unsteady vez)city

AW  Total first harmonic gust vector

:] Relative mean flow angle

w Two-per-rev forcing function frequency, radians
INTRODUCTION

Inlet flow distortions are generated by a variety of

sources, Including engine inlet designs and aircraft

maneuvers. In addition to the performance degradation
associated with inlet flow distortions, they can also result in
dotrlment_d aeromechanical effects. Namely, as schematically
depicted in Figures 1 and 2, inlet flow distortions represent
unsteady aerodynamic forcing functions to downstream rotor
blade rows due to rotor blade relative velocity and incidence
sagle fluctuations, thereby resuiting in the poesibility of
significant serodynamically Induced biade vibrations. In

fact, distortions are one of the most common excitation
sources for aerodynamically forced response of blade rows.
Distortions also affect the stability margin of rotor blade rows
as the resulting flow degradation from distortion can cause
incidence angle migration that experience has shown to
gene;nlly be destabilizing (Cardinale, Bankhead and McKay,
1980).

Of particular interest in this paper are distortion
generated unsteady aerodynamic blade response phenomena.
In the high speed regime, Datko and O’Hara (1987) measured
the forced vibratory response of an advanced transonic
compressor first stage integrally bladed disk (a blisk)
generated by seven different inlet total pressure distortion
screens. The blisk was found to be susceptible to excessive
resonant siresses generated by the inlet distortions, with
complex inlet distortions exciting the lower natural
frequencies at a number of engine orders. Also, the harinonic
content of the distortion was not always discernible from the
inlet total pressure profiles. In addition, these results
demonstrated that the urniform inlet flow rotor forced
response characteristics may not be representative of the
response when a distortion is present. They concluded that
unless vibratory responses to inlet distortion can be
accurately predicted, rotors, particularly blisks, should be
tested to assess the resonant stresses in the presence of inlet
distortions.

The accurate prediction of distortion generated blade
response requires the development of a first principles based
design system. On a first principles basis, inlet fow
distortions represent high energy aerodynamic excitations
characterised by low to moderate values of the reduced
frequency, with the distortion generated blade row response
analyzed by first defining the unsteady aerodynamic forcing
function in terms of harmonics. The periodic vibratory
reaponse of the airfoil row to each harmonic of the forcing
function is then assumed to be comprised of two components.
One is due to the streamwise and transyerse components of
the harmonic forcing function, & and ¢ respectively, being
swept past the nonresponding airfoil row, termed the
streamwise and transverse gust responses. The second, the
self-induced unsteady aerodynamics, arises when the
aerodvoamic forcing function generates a vibrational
reaponse of the airfoil row.

Unfortunately, current state-of-the-art analyses do not
model the unsteady aerodynamic forcing function. Also, the
gust and motion-induced unsteady aerodynamic models
involve many physical and numerical assumptions, (AGARD
Manual, 1987). Therefore experimental modeling of the
fundaments! inlet distortion generated blade row periodic
unsteady aerodyoamic response, including both the forcing
function and the blade row unsteady aerodynamics, is needed
for the development, validation and enhancement of
theoretical and nusnerical models.
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Unsteady aerodynamic gust experiments of direct interest
to turbomachines have been performed in low speed research
compressors. With regard to inlet flow distortions, O'Brien,
Cousins and Sexton (1680) used six dynamic pressure
transducers embedded on each rotor blade surface to measure
upsteady aerodynamic response. However, the periodic rotor
blade row inlet low field was not measured and, thus, the
unsteady aerodynamic gust forcing function was not
quantified. Also, Hardin, Carta and Verdon [1987] measured
low reduced frequency oscillating airfoil aerodynamics on a
rotor of a single stage compressor and also stated that they
had performed similar distortion experiments although they
did not present these results.

In this paper, the fundamental flow physics of distortion
generated periodic rotor blade row unsteady aerodynamics,
including the effects of both the detailed unsteady
aerodynamic forcing function for the first time and steady
loading, are experimentally investigated. This is
accomplished by performing a series of experiments in an
extensively instrumented axial flow research compressor. In
particular, the effects of the detailed forcing function, defined
in terms of the ratio of the forcing function Streamwise-to-
transverse first harmonic gust components, & /v , as well
as the steady aerodynamic loading level, characterized by the
mean incidence angle, on the gust generated unsteady
aerodynamic response of a first stage rotor blade are
quantified.

In these experiments, the two-per-rev unsteady
serodynarmic forcing function is generated by two 90 degree
circumferential inlet flow distortions, Figure 1. This
distortion, measured with a rotating cross hot wire probe, is
then analyzed and decomposed into streamwise and
transverse components, Figure 2. The resulting unsteady
aerodynamic gust generated rotor blade surface unsteady
pressure chordwise distributions are measured with
embedded ultra-miniature high response dynamic pressure
transducers.

RESEARCH COMPRESSOR

The Purdue Axial Flow Research Compressor
experimentally models the fundamental turbomachinery
unsteady aerodynamic multistage interaction phencmena
including the incidence angle, the velocity, and pressure
variations, the aerodynamic forcing function, the reduced
frequency, and the unsteady blade row interactions. The
compressor is driven by a 15 HP DC electric motor and is
operated at a speed of 2,250 RPM. Each identical stage of
the baseline compressor contains 43 rotor blades and 31
stator vanes having a British C4 profile, with the first stage
rotor inlet flow fleld established by a row of 38 variable
setting inlet guide vanes. The overall airfoil and compressor
characteristics are presented in Table 1. For these
experiments, the first stage rotor blade row was extensively
instrumented. To eliminate any potential flow effects on the
instrumented first stage rotor biades, the first stage stators
and second stage rotors were removed, as schematically
depicted in Figure 3.

INSTRUMENTATION

Both steady and unsteady first stage rotor blade row data
are required. The steady data quantify the rotor mean inlet
flow fleld and midspan steady loading distribution. The
unsteady data define the periodic aerodynamic forcing
function and the resulting midspan blade surface periodic
pressure distributions.

The inlet flow fleld, both steady and unsteady, is
measured with a rotating cross hot-wire probe mounted 30%
of blade chord upstream of the rotor row. The cross hot-wire
probe was calibrated and linearized for velocities from 18.3
m/sec to 53.4 m/sec sud +(- 35 degrees angular variation,
with the accuracy of the velocity mnagnitude and flow angle

determined to be 4% and +/- 1.0 degree, respectively.
Centrifugal loading effects on the rotating hot-wire sensor
resistances and, thus, the responses, were found to be
negligible.

The detailed steady aerodynamic loading on the rotor
blade surfaces is measured with a chordwise distribution of
20 midspan static pressure taps, 10 on each surface. The
static pressure at the rotor exit plane, measured with a rotor
drum static tap, is used as the blade surface static pressure
reference. These static pressure measuremenls are made
using a rotor based 48 port constant speed drive Scanivalve
system located in the rotor drum.

The measurement of the midspan rotor blade surface
unsteady pressures is accomplished with 20 ultra-miniature,
high response transducers embedded in the rotor blades at
the same chordwise locations as the static pressure taps. To
minimize the possibility of flow disturbances associated with
the inability of the transducer diaphragm to exactly maintain
the surface curvature of the blade, a reverse mounting
technique is utilized. The pressure surface of one blade and
the suction surface of the adjacent blade are instrumented,
with transducers embedded in the nonmeasurement surface
and connected to the measurement surface by a static tap.
The embedded dynamic transducers were both statically and
dynamically calibrated. The static calibrations showed good
linearity and no discernible hysteresis. The dynamic
calibrations demonstrated that the frequency response, in
terms of gain attenuation and phase shift, were not affected
by the reverse mounting technique. The accuracy of the
unsteady pressure measurements, determined from the
calibrations, is +/- 4%.

The rotor-based static pressure Scanivalve transducer,
rotating cross hot-wire probe and 20 blade surface dynamic
pressure transducers are interfaced to the stationary frame-
of-refereace through a 40 channel slip ring assembly. On-
board signal conditioning of the transducer output signals is
performed to maintain a good signal-to-noise ratio through
the slip ring. The remaining 17 channels of the slip-ring
assembly are used to provide excitation to the transducers
and on/off switching to the Scanivalve DC motor.

DATA ACQUISITION AND ANALYSIS
Steady Data

The rotor blade surface static pressure data, measured
with the rotor-based Scanivalve system, are defined by a
root-mean-square error analysis of 20 samples with a 95%
confidence interval. The relerence for these midspan blade
pressure measurements is the static pressure at the exit of the
rotor measured on the rotor drum. Thus, the blade surface
and the reference static pressures are measured at different
radii. Hence, & correction for the resulting difference in the
radial acceleration is applied in calculating the blade surface
static pressure coefficient defined in Equation 1.

6 f;n "ﬁnit

- 1
P Sor 1)

where U, is the rotor blade tip speed.

Periodic Data

The periodic data of interest are the harmonic
components of the aerodynamic forcing function to the frst
stage rotor blade row together with the resulting rotor blade
surface unsteady pressures and unsteady pressure dilferences,
These are determined by defining a digitized ensemble
averaged periodic unsteady aerodynamic data set consisting
of the rotating cross hot-wire probe and bilade surface
dynamic pressure transducer signals at each steady operating
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point. In particular, these time-variant signais are digitized
with a high speed A-D system at a rate of 20 kHz and then
ensemble averaged.

The key to this averaging technique is the ability to
sample data at a preset time, accomplished by an optical
encoder mounted on the rotor shaft. The microsecond range
step voltage signal from the encoder is the data initiation
time reference and triggers the high speed A-D multipiexer
system. To significantly reduce the random fluctuations
superimposed on the periodic signals of interest, 200 averages
are used. A Fast Fourier Transform SFFT) algorithm is then
applied to these ensemble averaged signals to determine the
harmonic components of the unsteady aerodynamic forcing
function and the resuiting rotor blade surface harmonic
unsteady pressures and pressure difference.

The unsteady inlet flow field to the rotor row is measured
with the rotating cross hot-wire probe which quantifies the
relative velocity and flow angle. The velocity triangle
relations depicted in Figure 2 are then used to determine the
unsteady inlet flow fleld to the rotor, in particular, the
streamwise and transverse velocity components, u* and v*,
respectively. These are then Fourier decomposed to
determine the first harmonic of the streamwise and
transverse velocity components, berm;d the streamwise and
transverse gust components, i and v .

The various unsteady aerodynamic gust mathematical
models reference the gust generated airfoil aerodynamic
response to a transverse gust at the leading edge of the
sirfoil. However, in the experiments described herein, the
time-variant data are referenced to the initiation of the data
acquisition shaft trigger pulse. Thus, for consistency with
the models, the periodic data are further analyzed and
referenced to a transverse gust at the leading edge of the first
stage rotor blade. This is accomplished by assuming that:
(1) tbe aerodynamic forcing function remains fixed in the
stationary reference frame; and (2) the forcing fuaction does
not decay from the rotating hot-wire probe axial location to
the rotor row leading edge plane.

The rotor blade surface unsteady pressure data, measured
with the embedded high response pressure transducers, are
analysed to determine the harmonics of the chordwise
distribution of the unsteady pressure coeflicient, C,, and the
unsteady pressure difference coefficient, Cap. &‘hue are
defined in Equation 2 and are specified from the Fourier
coefficients of the digitited ensemble averaged dynamic
pressure transducer signals.

Cp= . p'.+_ (2a)
— v —
pVy (==)8
x ( 7. )
Cap = Cp, pressurs — Cp,suction (2b)

where ¢ is the first harmonic transverse gust component, \7,
is the mean axial velocity, and 3 is the relative mean flow
angle.

The final form of the gust generated rotor biade row
unsteady aerodynamics is the chordwise distribution of the
harmonic complex unsteady pressure and pressure difference
coefficients. Also included as a reference where appropriate
are predictions from the transverse gust analysis of Smith
(1971). This model analyses the unsteady aerodynamics
generated on a flat plate airfoil cascade at zero incidence by a
transverse gust convected with an inviscid, subsonic,
compressible flow.

RESULTS

A series of experiments are performed to investigate and
quantify the effects of the detailed inlet distortion
aerodynamic forcing function, defined by the ratio of the
amplitudes of the ﬁrs_'g hagmonic streamwise-to-transverse
gust components, | & /¥ |, and the level of steady
aerodynamic loading, characterized by the mean incideace
angle, on the periodic gust unsteady aerodynainics of the first
stage rotor blade row. The variation in the rotor Llade
steady loading was obtained by holding the rotor speed
constant and varying the mass flow rate and, thus, the mean
flow incidence angle to the rotor blade row.

PERIODIC AERODYNAMIC FORCING FUNCTION

Three distinet two-per-revolution aerodynamic forcing
functions to the first stage rotor blade row are generated by
varying the orientation of the two honeycomb sections
mounted in the inlet. These are characterized by nominal
first harmonic streamwise-to-transverse gust amplitude ratios
of 0.4, 0.7, and 0.9. The Fourier decomposition of these inlet
distortion aerodynamic forcing functions to the first stage
rotor row in terms of the strcamwise and transverse gust
components for these three gust amplitude ratios are
presented in Figures 4, 5, and 6. The inlet distortion results
in a dominant two-per-rev excitation fundamental harmonic
with much smaller higher harmonics. Also, as the gust
amplitude ratio increases, many of the higher harinonics of
both gust velocity components increase in amplitude,
although they do not approach that of the two-per-rev
fundamental.

BLADE SURFACE STATIC PRESSURES

The effect of steady aerodynamic loading, characterized
by the mean incidence angle, on the rotor blade surface static
pressure coefficient with the inlet distortion is shown in
Figure 7. The level of steady loading only affects the static
pressure distribution on the pressure surface over the front
40% of the chord. On the suction surface, the steady loading
variation has a large effect on the static pressure distribution
over the entire suction surface. Also, these data give no
indication of suction surface flow separation. It should be
noted that these surface static pressure distributions are not
affected by the characteristics of the nerindic wunctoadv
aerodynamic forcing function.

ROTOR PERIODIC AERODYNAMIC RESPONSE

The periodic aerodynamic response of the first stage rotor
blade row to the inlet distortion forcing function, including
the effect of steady aerodynamic loading, are presented ia
Figures 8 through 16. In particular, these figures present the
chordwise distributions of the complex unsteady pressure
coefficient on the individual rotor blade surfaces as well as
the corresponding complex unsteady pressure difference
coefficients generated by the two-per-rev inlet distortion
forcing function.

Pressure Surface Unsteady Pressures

The eflect of steady serodynamic loading level on the
distortion generated first harmonic complex unsteady
pressure distribution on the rotor blade pressure surface is
shown in Figures 8, 0, and 10 for nominal streamwise-to-
transverse gust amplitude ratios of 0.4, 0.7, and 0.9,
respectively.

The unsteady pressure magnitude data decrease
monotonically with increasing chord location, with a sharp
decrease in the front region of the pressure surface and then
s gradual decrease over the remainder of the chord for al}
steady loading levels and gust amplitude ratios. For each
nominal value of the gust amplitude ratio, this form of the
dimensionless uunsteady pressure coefficient, Equation 2a,
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results in the compression of these magnitude data for all
mean flow incidence angle values. Also, as the gust
amplitude ratio increases, these magnitude data exhibit a
smail decrease in value. This is due to the gust vector
becoming more parallel to the mean flow and, thus, less
normal to the blade pressure surface. Thus, the magnitude
of the unsteady pressure response on the blade pressure
surface, i.e., the low camber airfoil surface, is primarily due
to the level of steady loading as characterized by the mean
flow incidence angle.

The unsteady pressure phase data increase monotouically
with chord over the front half of the blade, becoming nearly
constant over the aft half for all steady loading levels and
gust amplitude ratios. Also, the steady aerodynamic loading
and the gust amplitude ratio have only a very small effect on
these phase data. Thus, the phase of the unsteady pressure
response on the low camber blade pressure surface is nearly
independent of the steady loading level and the gust
amplitude ratio.

Suction Surface Unsteady Pressures

The effect of steady aerodynamic loading on the
distortion generated first harmonic complex unsteady
pressure on the rotor blade suction surface is shown in
Figures 11, 12 and 13 for the three gust amplitude ratios.

The unsteady pressure magnitude data decrease over the
front 25% of the chord for all steady loading levels and gust
amplitude ratios. On this part of the suction surface, the
magitude data decrease in value as the gust takes on larger
streamwise components. In contrast to the pressure surface,
this form of the dimensionless unsteady pressure coefficient,
Equation 2a, does not compress these magnitude data with
mean flow incidence angle, the exception being between 13%
and 20% of the chord. Also, as the gust amplitude ratio
increases, these magnitude data exhibit a relatively large
decrease in value over the front half of the chord. This is
due to the gust vector becoming more parallel to the mean
flow and, thus, less normal to the blade pressure surface.
Thus, the magnitude of the unsteady pressure response on
the blade suction surface, i.e., the higher camber airfoil
surface, is due to both the level of steady loading as
characterized by the mean flow incidence angle and the
streamwise-to-chordwise gust amplitude ratio.

The unsteady pressure phase data generally decrease
monotonically with increasing chord for all gust amplitude
ratios and steady loading levels. As the gust amplitude ratio
increases, i.e., as the gust takes on a larger streamwise
component, the phase data generally decrease in value, with
the chordwise phase data variation decreasing more rapidly
over the front half of the blade and more slowly over the aft
half. With regard to the steady loading level, the phase data
are pearly independent of the steady loading level in the
neighborhood of the quarter chord. Forward and aft of the
quarter chord, steady loading has different effects. In
particular, aft of the quarter chord, the phase data decrease
as the mean incidence angle is increased. In contrast, near
the leading edge, the phase data increase with increasing
mean incidence angle.

Unsteady Pressure Differences

The effect of steady loading on the first harmonic complex
unsteady pressure differences across the rotor blade
camberline is shown in Figures 14, 15 and 16 for streamwise-
to-transverse gust amplitude ratios of 0.4, 0.7, and 0.9,
respectively. Also presented as a reference are the flat plate
cascade inviscid transverse gust predictions.

The unsteady pressure difference magnitude data
generally decrease with increasing chord, attaining a near
minimum value in the midchord region of the airfoil. As the
gust amplitude ratio increases, i.e., as the gust takes on a
larger streamwise component, the chordwise position of this

minimum magnitude moves forward. Aft of this minimum
magnitude position, the maganitude data are a function of the
steady loading level. In the front chord region, increased
steady loading results in an increase in the magnitud: data.
In the mid to aft chord region of the blade, the uansteady
pressure differences are greatly decreased in magnitude, but
still increase with increased mean incidence with this increase
greater for higher values of the gust amplitude ratio. Also,
the lowest gust amplitude ratio value and lowest mean
incidence angle data most closely approximate the tranaverse
gust flat plate cascade model and exhibit the best correlation
with the prediction.

An inviscid, incompressible flow cascade model that
accounts for airfoil profile eflects was used to determine the
effect of variations in the mean fow incidence angle on the
sirfoil surface steady pressure difference distribution. Figure
17 demonstrates that the pressure difference in the front
chord region increases with increasing mean flow incidence
angle. Thus, for a quasisteady harmonic gust disturbance,
i.e. a low reduced frequency inlet distortion, the unsteady
pressure difference magnitude will increase in the front chord
region as the mean flow incidence angle is increased, for
example Figures 14, 15 and 16.

The unateady pressure difference phase data are nearly
constant over the front part of the blade for all three gusts.
There Is a sharp increase in the phase in the quarter to mid-
chord region of the blade. The chordwise location of the
onset of this rapid increase is a function of the steady loading
and the gust amplitude ratio. Aft of the chordwise location
of this rapid phase increase, the phase data increase with
increased steady loading.

SUMMARY AND CONCLUSIONS

The fundamental flow physics of distortion generated
periodic rotor blade row unsteady aerodynamies, including
the effects of both the detailed unsteady aerodynamic forcing
function for the first time and steady loading, were
experimentally investigated. This was accomplished through
a series of experiments performed in an extensively
lastrumented axial flow research compressor. A two-per-rev
serodynamic forcing function was generated by mounting
two 00 degree honeycomb sections 180 degrees apart
circumferentially in the compressor inlet. In terms of the
gust amplitude ratio, three distinct two-per-revolution
aerodynamic forcing functions were considered.

The rotor blade surface steady loading distributions were
quantified with surface static pressure taps and a rotor-based
Scanivalve system. The aerodynamic forcing function to the
rotor blade row was determined with a rotating cross hot-
wire probe, with the aerodynamic gust generated rotor blade
surface unsteady pressure chordwise distributions measured
with embedded ultraminiature high response dynamic
pressure transducers.

The detailed distortion gust generated unsteady
aerodynamic resuits of these experiments are summarized in
the following.

Forcing Function:

* The inlet distortion forcing function shows a dominant
two-per-rev, with much small higher harmonic content.

* As the gust streamwise-to-chordwise gust amplitude ratio
increases, many of the higher harmonic amplitudes increase,
although they do not approach that of the two-per-rev.
Pressure Surface:

* The unsteady pressure phase data are nearly independent
of the steady loading level and the gust amplitude ratio.
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* The unsteady pressure magnitude data decrease
monotonically with incressing chord, with a sharp decrease in
the froat region.

* The selected nondimensionalisation compresses the
unsteady pressure magnitude data with regard to mean flow
incidence angles for each gust amplitude ratio.

* Increasing gust amplitude ratio resuits in a small decrease
in the magnitude data in the froat chord region due to the
gust vector becoming more parallel to the mean flow.

* The magnitude of the unsteady pressure response on the
blade pressure surface, i.e., the low camber surface, is thus
primarily affected by the level of steady loading as
characterized by the mean flow incidence angle.

Suction Surface:

* The unsteady pressure phase data generally decrease as
the gust amplitude ratio increases. As the incidence angle is
increased, the phase data increase and then, aft of 25%
chord, decrease.

* The unsteady pressure magnitude data decrease over the
front 25% of the chord for all steady loading levels and gust
amplitude ratios.

* The selected nondimensionalization does not compress
these unsteady pressure magnitude data with regard to mean
flow incidence angle, the exception being between 13% and
20% of the chord.

* Increasing gust amplitude ratio results in a large decrease
in the magnitude data in the front chord region due to the
gust vector becoming more parallel to the mean fow.

* The magnitude of the unsteady pressure response on the
blade suction surface, i.e., the high camber surface, is thus
affected by both the level of steady loading and the gust
amplitude ratio.

Unsteady Pressure Difference:

* The magnitude data increase in the front chord region as
the steady loading is increased. In the mid to aft chord
region, the increase in these data with loading is & function
of the gust amplitude ratio.

* The phase data exhibit a sharp increase in the quarter to
mid-chord region of the blade, with this location a function
of the steady loading and the gust amplitude ratio. Aft of
thls chordwise location, the phase data increase with
increased steady loading.
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APPENDIX

As noted, when the transverse gust is utilized in the
nondimensionalization of the unsteady pressure, Equation 2a,
the magnitude data on both the pressure and suction surfaces
decrease with increasing value of the sireamwise-to-chordwise
gust amplitude ratio. To provide a more advauced design
tool which accounts for this effect, semi-empirical analysis of
these unsteady pressure data was considered.

The blade surface unsteady pressure response is generated
by the velocity fluctuations normal to the blade surfaces.
Therefore, an unsteady pressure nondimensionalization which
considers the gust component normal to each blade surface
was considered, accomplished with the following modified
complex unateady pressure coefficient.

P
—32 ;nAW =
pVi(—=—)F
Vy

AW = V(E" 2 +@" ) (A2)

where a, is the magnitude ratio of the gust component
normal to the chordline and the total gust.

C\p= (A1)

Figure Al schematically depicts the blade pressure surface
flow field with zero mean flow incidence. The blade surfaces
are approximated by the chordline, with the normal gust
component calculated from the data. On the pressure
surface, the low camber airfoil surface which is well
approximated by the chordline, this semiempirical corrclation
is valid, with the magnitude data for the various
streamwise-to-chordwise gust amplitude ratios collapsing to a
single curve, Figure A2. However on the high camber suction
surface, although this semiempirical correlation does decrease

the differences in the magnitude data for the three
streamwise-to-chordwise gust amplitude ratios, there are still
large differences, Figure A3. This is most likely associated
with the strong interactions between the steady and unsteady
flow flelds in the leading edge region and aft of midchord
region. Also, the chordline is a poor approximation to this
high camber airfoil surface. It should be noted that
incorporating only the total gust vector, AW, i.e. setting a,
to unity in Equation Al, was also considered. However,
rather than a collapsing of the magnitude data with
incressing atreamwise-to-chordwise gust amplitude ratio, this
resulted in an amplification of this effect.
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Table 1. Overall airfoll and compressor characteristics

ROTOR STATOR

Alrfoll Type C¢ C4
Number of Alrfoils 43 n
Chord, C (mm) 30 30
Solidity, C/S 114 1.08
Camber, § 27.95 27.70
Stagger Angle, 3 3.1
Aspect Ratlo 20 20
Thickness/Chord (%5) 10 10
Design Flow Rate (kg/s) 2.03
Design Axisl Velocity (m/s) 2.4
Rotationa! Speed (RPM) 2260
Number of Stages ]
Stage Pressurs Ratio 1.003
Inlet Tip Dismetar (mm) 420
Hub/Tip Radius Ratio 0.714
Stage Eliclency (%) 85
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Periodic Rotor-Blade Aerodynamics
Including Loading Effects

Steven R. Manwaring* and Sanford Fleetert
Purdue University, West Lafayette, Indiana 47907

A series of experiments are performed 1o investigate and quantify the effects of steady aerodynamic loading
on the unsteady gust serodynamics of # first-stage rotor biade at realistic values of the reduced frequency. These
are sccomplished in an extensively instrumented axisl flow resesrch compressor with the high-reduced frequency
gusts gemerated by the wakes from the inlet guide vanes. The unsteady pressure response on the low-camber
biade pressure surface is primarily affected by mean Now incidence angle except in the accelerating mean
flowfield of the front chord region at negative Incidence. However, the unsieady pressure response on the high-
camber suction surface is affected by steady loading over the entire surface, i.c., gust interactions with the
sccelerating mesn flowfleld in the front haif and the large viscous regions in the 21t half. The multistage effects
associated with compressor rotor-stator biade-row operation in the super-resonant flow regime, wherein acous-
tic waves propagate, sre aiso considered. The unsteady pressure difference and thus, the unsteady lift, due to
acoustic waves generated by the downsiream super-resomant, rotor-stator inferaction, is nearly zero, even
though the individun) surface uasteady pressures are of reiatively large amplitude.

Nomenciature

C = rotor chord
C: = steady lift coefficient, {§ (5, — p,) dx/i pU2C
C, = first harmonic unsteady pressure coefficient
C, = static pressure coefficient
Cap = first harmonic unsteady pressure difference
i = mean incidence angle
k = reduced frequency, wC/2V,
p = rotor-surface static pressure
Pexn = TOLOT-€Xit static pressure
p = first harmonic complex unsteady pressure
u* = first harmonic streamwise gust component
U, = blade tip speed
u* = first harmonic transverse gust component
V. = mean axial velocity

= rotor relative mean flow angle
¢ = interblade phase angle
w = inlet guide vane (IGV) passing frequency

Introduction

ERIODIC aerodynamic excitations generate unsteady
aerodynamic forces and moments on turbomachinery
blading. When the aerodynamic excitation frequency corre-
sponds to a blade natural frequency, catastrophic vibrational
responses may occur. The operating conditions at which these
resonance conditions are found can be predicted with Camp-
bell diagrams. However, accurate predictions of the amplitude
of the resonant blade vibration cannot currently be made due
to the inability of mathematical models to accurately analyze
the aerodynamic forcing function and the resulting unsteady
aerodynamics acting on the blading.
Wakes shed by upstream airfoil rows are the most common
aerodynamic excitation source (see Fig. 1). On a first principles
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basis, the resulting high-reduced frequency forced response
problems are analyzed by first defining the unsteady aerody-
namic forcing function in terms of its harmonics. The periodic
response of the airfoil row to each harmonic is then assumed
to include two components. The first is due to the parallel and
normal components of the harmonic forcing function being
swept past the nonresponding airfoil row, termed the stream-
wise (parallel) and transverse (normal) sust responses, respec-
tively. The second, the self-induced, unsteady aerodynamics,
arises when the aerodynamic forcing function generates a vi-
brational response of the airfoils.

Mathematical models to predict the unsteady aerodynamic
response of an airfoil row to a gust are being developed. Smail
perturbation thin airfoil analyses were considered initially with
integral solutions obtained for the unsteady lift on a flat plate
airfoil cascade at zero incidence in an inviscid, irrotational
flowfield, for example, Refs. 1-4. Models that consider the
profile of the airfoil as well as finite incidence angles have
subsequently been developed. Goldstein and Atas~’S and
Atassi® analyzed the inviscid, incompressible flow past an iso-
lated airfoil of arbitrary shape at finite angle of attack subject
to an interacting gust. Chiang and Fleeter’ utilized the com-
plete first-order model and a locally analytical solution tech-
nique to predict the unsteady loading on a cascade of thick,
cambered airfoils at nonzero incidence angles in an incom-
pressible flow due to a convected gust.

Unsteady aerodynamic gust experiments of direct interest to
turbomachines have been performed in low-speed research
compressors at both high and low values of the reduced fre-
quency. The effects of airfoil camber, rotor-stator axial spac-
ing, and the waveform of the aerodynamic forcing function
have been investigated on the stationary vane rows of both
single and multistage compressors.*!! The aerodynamic forc-
ing function in these experiments was made up of the high-
reduced frequency wakes shed by the upstream rotor blades.
Hardin et al.’”? measured low-reduced frequency oscillating
airfoil aerodvnamics on a rotor of a single-stage, low-speed
compressor and also stated that they had performed distortion
gust response experiments, although they did not present these
resuits.

In this paper, the fundamental Mow physics of rotor-blade
row unsteady gust aerodynamics are experimentaily investi-
gated at realistic high values of the reduced frequency for the
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Fig. 1 Rotor-biade row inlet flowfield.

Table | Overall airfoil and compressor characteristics

Rotor Stator 1GV
Airfoil type C4 C4 C4
Number of airfoils 43 n 36
Chord, C, mm 30 30 30
Solidity, C/$ 1.14 1.09 0.96
Camber, ¢ 28.0 271.7 36.9
Stagger angle, v 36.0 - 36.0 21.0
Aspect ratio 2.0 2.0 2.0
Thickness/chord, % 10.0 10.0 10.0
Flow rate, kg/s 2.03
Design axial velocity, m/s 244
Design rotational speed, RPM 2250
Number of stages k]
Design stage pressure ratio 1.0
Inlet tip diameter, mm 420
Hub/tip radius ratio 0.714
Stage efficiency, 85

first time. In particular, a series of experiments are performed
in an extensively instrumented axial flow research compressor
to investigate the effects of steady aerodynamic loading on the
unsteady gust aerodynamics of a first-stage rotor blade with
the high-reduced frequency gusts generated by the wakes from
the inlet guide vanes (IGV). The multistage effects associated
with operation in the super-resonant flow regime wherein
acoustic waves propagate are also considered.

Research Compressor

The Purdue Axial Flow Research Compressor experimen-
tally models the fundamental aerodynamic phenomena inher-
ent in turbomachinery airfoil rows including the airfoil inci-
dence angles, the velocity and pressure variations, the
aerodynamic forcing function, the reduced frequency, and the
unsteady blade and vane row interactions. The three-stage
compressor is driven by a t5-HP dc electric motor and is
operated at a speed of 2250 rpm. Each identical stage of the
baseline compressor contains 43 rotor-blades and 31 stator
vanes having a British C4 profile with the first-stage rotor inlet
flowfield established by a row of 36 variable setting IGVs. The
overail airfoil and compressor characteristics are presented in
Table 1. For these experiments, the first-stage rotor-blade row
is extensively instrumented. Because of the large axial gap
between the IGV row and the first-stage rotor row, approx-

PERIODIC RO1OR-BLALE AERUD Y NAMILD Wi
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Fig. 2 Baseline compressor configuration.

Fig. 3 Rotor-biade profile and instrumentation locstions.

imately 74% of vane chord, the potential flow effects from the
IGV row are negligible and the rotor-row periodic distur-
bances are due only to the vane viscous wakes. To eliminate
potential flow effects from the downstream stator vane row on
the instrumented first-stage rotor-blades, the first-stage stators
and second-stage rotors are removed, as schematically de-
picted in Fig. 2.

Instrumentation

Both steady and unsteady data are required. The steady data
define the chordwise distribution of the rotor-blade surface
static pressure. The unsteady data quantify both the unsteady
aerodynamic forcing function to the first-stage rotor and the
resulting chordwise distribution of the unsteady pressure on
the rotor-blade surfaces.

The detailed steady aerodynamic loading on the rotor-blade
surfaces is measured with a chordwise distribution of 20
midspan static pressure taps, 10 on each surface (see Fig. 3).
The static pressure at the rotor-exit plane, measured with a
rotor-drum static tap, is used as the blade surface static pres-
sure reference. These static pressure measurements are made
using a rotor-based, 48-port, constant-speed-drive Scanivalve
system located in the rotor drum.

The unsteady aerodynamic forcing function to the instru-
mented first-stage rotor-blade row, i.e., the exit flowfield of
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Fig. 4 Schematic of rofating time-variant instrumentstion.

the IGVs is measured with a cross hot-wire probe mounted in
the rotor frame of reference. The probe is circumferentially
located 2.83 blade spacings from the instrumented rotor-
blades and 30% of blade chord upstream of the rotor-leading-
edge plane as schematically shown in Fig. 4. It is angularly
aligned to obtain rotor-relative velocity and flow angle data.
The hot wires are calibrated for velocities from 9.1 m/s to 53.4
m/s and + 35 deg angular variation with the accuracy of the
velocity magnitude and angle being 4% and =+ | deg, respec-
tively.

The measurement of the midspan rotor-blade surface un-
steady pressures is accomplished with 20 ultraminiature, high-
response transducers embedded in the rotor-blade surfaces at
the same chordwise locations as the static pressure taps. Be-
cause of blade space limitations, only five transducers are
fitted per blade surface and, thus, four instrumented blades,
mounted in the rotor row as shown in Fig. 4, are utilized to
obtain the 20 unsteady pressure measurements. To minimize
the possibility of flow disturbances associated with the inabil-
ity of the transducer diaphragm to exactly maintain the surface
curvature of the blade, a reverse mounting technique is uti-
lized. The pressure surface of one blade and the suction sur-
face of the adjacent blade are instrumented, with transducers
embedded in the nonmeasurement surface and connected to
the measurement surface by a static tap. The embedded dy-
namic transducers were both statically and dynamically cali-
brated. The static calibrations showed good linearity and no
discernible hysteresis. The dynamic calibrations demonstrated
that the frequency response, in terms of gain attenuation and
phase shift, was not affected by the reverse mounting tech-
nique. The accuracy of the unsteady pressure measurements,
determined from the calibrations, is + 4%.

The rotating frame-of-reference data signals, i.e., the sig-
nais from: 1) the rotor-based Scanivalve static pressure trans-
ducer, 2) the 20 rotor-blade surface dynamic pressure trans-
ducers, and 3) the cross hot-wire probe are transferred to the
stationary reference frame by means of a 40-channel slip ring
assembly. Onboard signal conditioning is performed to main-
tain a good signal-to-noise ratio through the slip rings. The
remaining 17 channels of the slip-ring assembly are used to
provide excitation to the transducers and excitations and on/
off switching to the rotor-based Scanivalve dc motor.

Data Acquisition and Analysis

The rotor-blade surface static pressure data, measured with
the rotor-based Scanivalve system, are defined by a root-
mean-square error analysis of 20 signal samples with a 95%
confidence interval. The reference (or these midspan blade
pressure measurements is the static pressure at the exit of the
rotor, measured on the rotor drum. Thus, the blade surface
and the reference static pressures are measured at different
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Fig. S Periodic transverse velocity and gust cntering rotor row.

radii. To account for the resulting difference in the centrifugal
forces acting on the air in the static pressure tubing, a correc-
tion is applied in calculating the values of the airfoil surface
static pressure coefficient defined in Eq. (1)

- D = Pesit (|)
? 3 PUlz
where U, is the rotor-biade tip speed.

The unsteady data of primary interest are the first harmonic
component of the aerodynamic forcing function, i.e., the un-
steady rotor inlet flowfield together with the resulting rotor-
blade surface first harmonic unsteady pressures and pressure
differences. These are determined by defining a digitized
ensemble-averaged unsteady aerodynamic data set consisting
of the rotating hot-wire and surface pressure transducer sig-
nals at each steady operating point. In particular, these time-
variant signals are digitized with a high-speed analog-digital
(A/D) system and then ensembie averaged. The key to this




SEPT.-OCT. 1990

averaging technique is the ability to sample data at a preset
time, accomplished by an optical encoder mounted on the
rotor shaft. The microsecond range step voltage signal from
the encoder is the data initiation time reference and triggers the
high-speed A/D multiplexer system. To reduce significantly
the random fluctuations superimposed on the periodic signals
of interest, 200 averages are used. A Fast Fourier Transform
(FFT) algorithm is then applied to these ensemble-averaged
signals, and the first harmonic component of the unsteady
aerodynamic forcing function, the gust, and the resulting ro-
tor-blade surface, unsteady pressures are determined.

The unsteady inlet flow to the rotor row is measured with
the rotating cross hot-wire probe, which quantifies the relative
velocity and flow angle. The velocity triangle relations de-
picted in Fig. | are then used to determine the inlet flowfield
to the rotor, in particular, the first harmonics of the stream-
wise and transverse gust components # * and J ', respectively.
To account for the development of the IGV wakes from the
rotating hot-wire measurement location upstream of the rotor-
blade row to the rotor-leading-edge plane, the wake similar-
ity and decay model of Lakshminarayana and Davino" is
utilized.
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PERIODIC ROTOR-BLADE AERODYNAMICS

The rotor-blade surface unsteady pressure data, measured
with the embedded high-response pressure transducers, are
analyzed to determine the first harmonics of the chordwise
distribution of the unsteady pressure coefficient C, and the
unsteady pressure difference coefficient, C,,. These are de-
fined in Eqs. 2 and are specified from the Fourier coefficients
of the digitized blade surface unsteady pressure signals.

p
C=—7 (2a)
oV} v B
C.w = (Cp)puswe ~ (Cp)su:i'uu (2b)

where g is the first harmonic complex unsteady pressure, J* is
the first harmonic complex transverse gust component, V, is
the mass-averaged axial velocity, and 8 is the refative mean
flow angle.

The gust generated rotor-blade row unsteady aerodynamics
are presented in the form of chordwise distributions of the first
harmonic, complex harmonic pressure and pressure difference
coelficients. Also included as a reference where appropriate
are predictions from the transverse gust analysis of Smith.*
This model analyzes the unsteady aerodynamics generated on
a flat plate airfoil cascade at zero incidence by a harmonic
transverse gust convected with an inviscid, irrotational, sub-
sonic compressible flow.

To investigate and quamtify the effects of steady aerody-
namic loading on the unsteady gust acrodynamics of a first-
stage rotor blade at realistic values of the reduced frequency,
a series of experiments are performed. The high-reduced (re-
quency aerodynamic forcing function to the rotor blades is
made up of the wakes from the 1GVs. Figure 5 presents a
sample of the transverse periodic unsteady velocity generated
by the 1GV wakes and ubtained from the rotating cross hot-
wire measurement digitized at a rate of 100 kHz. The fre-
quency content of this signal is also demonstrated by the
Fourier components, determined by means of a FFT al-
gorithin. The multistage effects associated with operating in
the super-resonant flow regime wherein acoustic waves propa-
gate are also considered.

Baseline

The baseline steady and gust-generated, time-variant data
for the investigation of the effect of steady loading on rotating
blade-row unsteady aerodynamics are obtained at a compres-
sor operating condition corresponding 10 a low level of steady
rotor-blade aerodynamic loading. This also most closely corre-
sponds 10 the reference transverse gust model, which considers
a fat plate airfoil cascade and, thus, no steady loading. For
this compressor configuration, this lowest loading condition is
defined by a first-stage rotor-blade row mean incidence angle
of — 3.5 deg. The chordwise distribution of the blade surface
static pressure coefficient is presented in Fig. 6.

The first harmonic, gust-generated, unsteady pressure dif-
ference coefficient data, with the transverse gust flat plate
cascade prediction as a reference, are presented in Fig. 7.
Overall, the magnitude data exhibit fair correfation with the
prediction with the data increased in value relative to the pre-
diction over the front and midchord regions of the blade. Also,
the aft three chordwise data points increase in a somewhat
linear fashion, contrary to the trend of the prediction. The
correlation of the phase data with the prediction is relatively
poor, with the differences being on the order of 90 deg over the
entire chord. These differences between the complex unsteady
pressure difference data and the flat plate predictions are asso-
ciated with the airfoil profile and nonzero mean incidence, i.e.,
the steady loading, as will be discussed in the next section.
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Steady Loading Effects

The effect of steady aerodynamic loading, characterized by
the mean incidence angle, on the rotor-blade surface static
pressure coefficient is shown in Fig. 8. The level of steady
loading only affects the static pressure distribution on the
rotor-blade pressure surface over the front 40% of the chord.
On the suction surface, the variation in the steady loading has
a large effect on the static pressure distribution over the entire
chord. Also, these data exhibit no indication of steady flow
separation.

The effect of steady aerodynamic loading level on the first
harmonic, complex, unsteady pressure coefficient on the ro-
tor-blade pressure surface is shown in Fig. 9. The form of the
dimensionless unsteady pressure coefficient specified in
Eq. (2a) results in a compression of the unsteady pressure
magnitude data over the entire pressure surface for all but the
two lowest steady loading levels. For these two loading cases,
large variations are found in the magnitude data in the neigh-
borhood of the quarter chord. This corresponds to the previ-
ously noted effects of steady loading on the rotor-blade sur-
face static pressure wherein loading primarily influenced the
front part of the pressure surface. In particular, the static
pressure coefficient value for the hub static pressure coeffi-
cient upstream of the rotor row is approximately - 0.24,
thereby indicating that the mean flowfield accelerates around
the pressure surface leading edge before decelerating (diffus-
ing) for the two lowest mean incidence angles, i.e., the static
pressure coefficient decreases and then increases. Similar to
the magnitude data, the effects of steady loading on the pres-
sure surface unsteady pressure phase collapse into approx-
imately one curve with the exception being the lowest steady
loading level in the front chord region.

In summary, for the chordwise region where the mean flow-
field does not accelerate, i.e., the mid-to-aft chord region for
all steady loading levels and the front chord region for the
three high steady loading levels, the data compress for all gust
amplitude ratios, which indicates that steady loading as char-
acterized by the mean flow incidence is a key mechanism for
the low-camber pressure surface unsteady aerodynamic wake
response. However, in an accelerating mean flowfield, i.e.,
the front chord region for the two low steady loading levels,
mean flowfield interactions with the unsteady gust are also
important.

The entire suction surface unsteady pressure chordwise dis-
tribution, both magnitude and phase, is affected by the level of
the steady aerodynamic loading (see Fig. 10). Again, this cor-
responds to the previously presented suction surface static
pressure data variation with mean incidence angle. In particu-
lar, the front-to-mid-chord region data show a decreasing-in-
creasing magnitude trend with chord with the minimum mag-
nitude chordwise location moving forward with increasing
steady loading. This minimum corresponds to the minimum in
the static pressure chordwise distribution (see Fig. 8), wherein
the chordwise location of the change from accelerating to de-
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celerating mean flow moves forward with increasing mean
incidence. Thus, similar to the pressure surface unsteady re-
sponse in the front chord region at negative mean incidence
flow, the unsteady gust interacts with the accelerating mean
flowfield around the suction surface in the front chord region.
In the mid-to-aft chord, a second decreased magnitude region
occurs, with the minimum moving forward with increased
mean incidence. In the suction surface aft chord region, where
the boundary layer and other viscous effects are at their great-
est due to the severe adverse pressure gradient, the gust interac-
tion with this mean flowfield most likely causes the decreasing-
increasing magnitude trend shown. As the mean flow inci-
dence angle is increased, i.e., steady loading increases, the aft
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suction surface diffusion rate increases and, thus, the large
viscous effects move forward, similar to the magnitude mini-
mum trends discussed above. However, verification of this
hypothesis cannot be made, with this requiring substantiaily
increased unsteady flow instrumentation to obtain detailed
boundary layer and completed unsteady flowfield data.

The steady loading level primarily affects the phase data on
the aft three quarters of the rotor-blade suction surface. As the
mean incidence angle is increased from the baseline low-load-
ing condition, the chordwise variation of the phase data on the
aft part of the suction surface becomes linear, with the extent
of this linear distribution increasing with increasing mean inci-
dence. This linear chordwise distribution of the phase data
indicates the existence of a convected wave phenomena. This
is more clearly demonstrated in Fig. 11, wherein the highest
steady loading level suction surface phase data are replotted
together with the linear phase curve corresponding to the mass-
averaged axial velocity convection time lag. As seen, the wave
on the suction surface is convected at approximately the mean
axial velocity of the flow through the rotor-blade row. Other
authors®!'* have noted this linear phase distribution corre-
sponding to the mean axial velocity. However, the physical
explanation of this wave phenomenon could not be made. This
wave phenomenon is related to the gust interacting with the
large viscous effects along the suction surface mid-to-aft
chord. However, once again, until detailed measurements are
made, but this cannot be verified.

Superresonent Flow Regime

FREQUENCY, He

Fig. 13 Harmonic content variation with numbe: of stators in down-
stream rows.

In summary, on this high-camber suction surface, the steady
loading affects the interaction between the mean flowfield and
the unsteady gust and, thus, the unsteady aerodynamic re-
sponse over the entire blade surface. On the front half of the
surface, an accelerating mean flowfield affects the unsteady
pressure gust response, whereas on the aft half of the surface,
large boundary-layer viscous effects affect the unsteady pres-
sure gust response.

The variation of the complex, unsteady pressure difference
coefficient data with steady loading level is shown in Fig. 12.
The effects of loading on the previously presented individual
pressure and suction surface magnitude and phase data are still
apparent with the suction surface effects being dominant. For
example, analogous to the loading trends on the suction sur-
face, the unsteady difference magnitude data show two de-
creased magnitude regions, one in the front chord region and
the other in the mid-to-aft chord region, with the chordwise
location of the magnitude minimums moving forward with
increased steady loading. Also, the extent of the increased
difference magnitude data on the aft portion of the blade
increases with increased steady loading. The difference phase
data remain nearly constant over the front portion of the
blade. The chordwise location where the rapid increase in the
value of the phase data begins to occur moves forward with
increasing steady loading. The increased steady loading causes
the chordwise distribution of the difference magnitude and
phase data to differ greatly from the prediction with the mag-
nitude data not just decreasing with increasing chord and the
phase data not remaining nearly constant with chord per the
predictions. Thus, to accurately predict the gust generated
unsteady loading, the physical unsteady flow effects discussed
in the previous blade surface sections must be adequately
modeled.

Super-Resonant Flow Regime

The physical description of an acoustic stator-rotor interac-
tion given in Ref. 15 clearly explains the acoustic environment
in which resonant conditions occur. The configurations for
which subresonant and super-resonant conditions occur for
these experiments are described below. The compressor con-
figuration utilized for the above described steady loading ex-
periments had 43 blades in both rotor rows and 31 vanes in
each far downstream stator row (see Fig. 2). This corresponds
to a subresonant condition wherein the acoustic waves gener-
ated by the downstream rotor-stator interactions do not prop-
agate appreciably upstream and, thus, the first-stage rotor row
is not affected by the downstream rotor-stator interactions. A
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super-resonant condition was also established in the compres-
sor, accomplished by altering the number of vanes in each
stator row. In particular, the number of blades in each rotor
row was held constant at 43 with the number of stator vanes
changed to 41 vanes per stator row. In this configuration,
acoustic waves generated by the downstream rotor-stator in-
teractions propagate upstream to the instrumented first-stage
rotor-blade row.

With the compressor operating in a downstream rotor-stator
interaction super-resonant flow regime generated with 41
vanes per stator row and 43 blades per rotor row, the upstream
propagating acoustic wave could not be detected by the rotat-
ing cross hot wire located upstream of the first-stage rotor
row. Therefore, to demonstrate the relative amplitude of the
downstream generated acoustic wave, Fig. 13 shows the
Fourier decomposition of the signal from the first-stage rotor.
blade suction surface pressure transducer located nearest the
leading edge for both the subresonant condition and the super-
resonant conditions. Clearly seen is the relatively large ampli-
tude acoustic wave generated by the downstream rotor-stator
interactions. In particular, in the super-resonant condition
with 41 vanes per stator row, the transducer signal contains a
component at a frequency of 1537.5 Hz that 1) is not seen in
the baseline subresonant data obtained with 31 vanes per stator
row and 2) has approximately one-fourth the amplitude of that
at the IGV wake passing frequency.

The resuiting first harmonic, complex, unsteady pressure
data on the pressure and suction surfaces of the first-stage
rotor-blade row generated by the propagating acoustic wave at
three steady loading levels are shown in Figs. 14 and 15. The
steady loading has minimal effect on the unsteady pressure
magnitude data on either blade surface with both surfaces
showing nearly identical constant magnitude vs chord distribu-
tion for all three steady loading levels. The phase data chord-
wise trends are also unaffected by steady loading, but the data
increase in level slightly with increased loading. A wave speed
of approximately 320 m/s on each surface of the rotor blade
is calculated from the linear, constant slope, chordwise distri-
butions of these phase data. This corresponds to the speed of
propagation of an upstream traveling acoustic wave, i.e., the
speed of sound minus the axial velocity. Since the unsteady
pressure magnitude and phase chordwise distributions are
nearly identical for both the pressure surface and suction sur-
face, the unsteady pressure difference distribution across the
blade is nearly zero. Therefore, the unsteady lift due to acous-
tic waves is also nearly zero.
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Summary and Conclusions

The effects of steady aerodynamic loading on the first har-
monic unsteady gust aerodynamics of a first-stage rotor blade
at realistic high vaiues of the reduced frequency were investi-
gated and quantified. This was accomplished by means of a
series of experiments performed in an extensively instrumented
axial flow research compressor with the high-reduced fre-
quency gusts generated by the wakes from the IGV. The anal-
ysis of these rotor-blade surface steady and unsteady data
determined the following.

1) Steady loading affects the rotor-blade, static pressure
distributions on the front portion of the pressure surface and
over the entire suction surface with no steady flow separation
indicated.

2) The unsteady pressure response on the blade pressure
surface, i.e., the low-camber surface, is primarily affected by
the level of steady loading as characterized by the mean flow
incidence angle except in the accelerating mean flowfield of the
front chord region at negative mean flow incidence.

3) The unsteady pressure response on the high-camber
blade suction surface is affected by the level of steady loading,
i.e., the accelerating mean flowfield in the front half of the
surface and the large viscous regions in the aft half of the
surface.

4) The unsteady pressure difference data reflect the effects
of loading on the pressure and suction surface unsteady data
with the suction surface effects being dominant.

5) These steady loading effects cause the chordwise distri-
bution of the magnitude and phase data to differ greatly from
the flat plate cascade predictions. A super-resonant condition
was also established in the compressor, accomplished by aiter-
ing the number of vanes in each downstream stator row. This
resulted in a relatively large amplitude upstream propagating
acoustic wave generated by the downstream rotor-stator row
interactions.

6) In the leading-edge region of the first-stage, rotor-blade
row suction surface, the acoustic wave has an amplitude ap-
proximately one-fourth that of the first harmonic of the IGV
wakes.

7) Loading has minimal effect on the resulting rotor-blade
surface acoustic wave generated unsteady pressure data with
the only effect being a slight phase increase with increased
steady loading.

8) Since the unsteady pressure chordwise magnitude and
phase distributions are nearly identical for both the pressure
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and suction surfaces, the unsteady pressure difference across
the blade and, thus, unsteady lift, due to acoustic waves is
nearly zero.
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Unsteady Aerodynamic Gust Response
Including Steady Flow Separation

Sanford Fleeter,* Vincent R. Capece,t and Hsiao-Wei D. Chiang}
Purdue University, West Lafayette, Indiana

A sevies of experiments are performed to investigate and quantify the wasteady serodymamic respomse of a8
sirfoll to a high reduced frequency gust including the effects of the gust forcing function waveform, airfoll loading,
and steady flow separation. This is sccomplished by wsing sn sxial flow research compresser (0 experimentally
wmodel the high reduced frequency gust forcing feaction sad replacing the last stage stater row with isolated
instrumented sisfoils. Appropriate dsta are corvelated with predictions from fiat plate and cambered airfoll
comvected gust medels. The sirfoll swrface steady loading is shown to bave a large effect on the wmstendy
serodynsmic respomse. Alse, the steady flow sepuration has a significant influcuce on the gust respouse, particularly
upstresm of the separation point and in the airfoill trailiag-edge region.

Nomenclature
C = airfoil chord .
C, = steady lift coefficient (§ (p, —p,) dx/i pUIC
¢, =first harmonic unsteady pressure coefficient Aj/
pVE*
¢, = static pressure coefficient (P - P )1 pU?
X =gust propagation direction vector
k, = reduced frequency, oC/2V,
k, = transverse gust wave number
= airfoil surface static pressure
= exit static pressure
= first harmonic unsteady pressure difference
= first harmonic chordwise gust
= rotor blade tip speed
= first harmonic transverse gust
= absolute axial velocity
= angle of attack
= inlet air density

Introduction

HE unsteady flow past a stationary airfoil is of primary

concern in many impu.iant applications. For exampie,
the unsteady interaction of an airfoil with gusts and similar
vortical disturbances piays a significant role in the aerody-
namics, dynamic loading, aeroelasticity, and acoustics of
modern aircraft, missiles, helicopter rotors, advanced turbo-
props, and turbomachines. As a result, the interest in un-
steady flow theory initiated by Theodorsen,' Kussner,? and
Sears’ has continued to the present.

Theoretical gust models have typically been restricted to
thin-airfoil theory, with the unsteady gust disturbance as-
sumed to be smail as compared to the mean steady potentiai
flowfield. However, in most applications, airfoils with arbi-

b c;g::ggn\

S8 =

Received May 9, 1988; revision received Oct. 10, 1988. Copyright
© 1989 American Institute of Aeronautics and Astronsutics. Inc. All
rights reserved.

*Professor, School of Mechanical Engineering and Director, Ther-
mal Sciences and Propulsion Center. Associate Fellow AIAA.

tAir Force Research in Aero Propuision Technology (AFRAPT)
Trainee, Thermal Sciences and Propulsion Center, School of Mechan-
ical Engineering.

$Graduate Research Assistant, Thermal Sciences and Propuision
Center. School of Mechanical Engineening.

trary shape, large camber, and finite angles of attack are
required. In an attempt to meet this need, Horlock* and
Naumann and Yeh® developed heuristic second-order analyses
that take into account some second-order terms. These analy-
ses showed that the unsteady aerodynamic forces acting on an
airfoil were affected by both the small incidence angle and the
small airfoil camber. However, these models neglect some
second-order terms and also assume a small angle of attack.
Thus, these results are only approximate and cannot be
extended to finite-incidence angles or large airfoil camber.

It is apparent that the thin airfoil approach is not adequate
for many applications of interest. In this regard, Goldstein
and Atassi® and Atassi’ developed a theory for the inviscid
incompressible flow past an airfoil that fully accounts for the
distortion of the impinging gust by the mean flow. The theory
assumes that the fluctuating flow velocity is small compared
to the mean velocity, with the unsteady flow linearized about
the full potential steady flow, and accounts for the effects of
both airfoil profile and angle of attack.

Experimental investigations have typically been restricted to
low-reduced-frequency aerodynamic gusts. In part, this is due
to the difficulties associated with generating a periodic un--
steady gust, with low reduced frequency gust tunnels having
been developed by Holmes,' Satyanarayana, Gostelow, and
Henderson,® and Ostdiek,'® for example. Also contributing is
the difficulty in obtaining and analyzing the fundamental
high-frequency unsteady data that define both the aerody-
namic forcing function and the resulting airfoil surface pres-
sure distributions. The acquisition and analysis of such
high-frequency data have only recently become possible with
the development and availability of miniature high-response
pressure transducers, digital instrumentation. and computers

"for both control of instrumentation and digital data acquisi-

tion and analysis.

The above noted experiments and analyses are all con-
cerned with attached steady flow. Separated flow oscillating
airfoil phenomena, including stall flutter and dynamic stall,
also have been addressed. Thus, oscillating airfoil models and
experiments have considered the effects of steady loading and
flow separation, for example, Refs. 11-17. In this regard it
should be noted that only minimal attention has been directed
toward the effect of steady loading and flow separation on the
unsteady acrodynamic response of an airfoil to a periodic
gust.

In this paper the effects of the gust waveform. as character-
ized by the chordwise (parailel) and transverse (normal) gust
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Fig. 1 Schematic of flowfield.

components u * and v * depicted in Fig. |, airfoil loading, and
steady flow separation on the unsteady aerodynamic response
of an airfoil are experimentally investigated at high reduced
frequency values for the first time. This is accomplished by 1)
using an axial flow research compressor to experimentaily
model the high reduced frequency aerodynamic gust forcing
function, 2) replacing the last stage stator row with instru-
mented isolated airfoils, and 3) developing and using com-
puter-based time-variant digital data acquisition and analysis
techniques, including ensemble averaging and Fast Fourier
Transforms (FFT), for the analysis of the periodic data. In
particular, high reduced frequency aerodynamic gusts are
generated by the upstream rotor blade wakes, with the un-
steady aerodynamic gust response determined by replacing the
downstream stator row with static and dynamically instru-
mented isolated airfoils. Thus, there is complete experimental
modeling of the basic unsteady aerodynamic phenomena in-
herent in this high reduced frequency unsteady interaction
including angle-of-attack effects, the velocity and pressure
variations, and the waveform of the aerodynamic forcing
function.

Research Compressor

The Purdue axial flow research compressor with the last
stage stator row replaced by an isolated airfoil is used for
these experiments. It is driven by a 15 hP dc electric motor
over a speed range of 300-3000 rpm. The wakes from the
upstream rotor blades are the source of the unsteady surface
pressures on the downstream isolated airfoil, i.e., the rotor
wakes define the aerodynamic forcing function to the airfoil
as depicted schematically in Fig. 1. The 43 rotor blades and
the isolated airfoil are free vortex design airfoils with a British
C4 section profile, a chord of 30 mm, and a maximum thick-
ness-to-chord ratio of 0.10.

The variations in the airfoil steady loading are accom-
plished by compressor throttling and adjusting the setting
angles of the instrumented airfoils, thereby altering the airfoil
angle of attack. The detailed steady aerodynamic loading of
the instrumented airfoils is specified by the chordwise distribu-
tion of the airfoil surface steady static pressure coefficient with
the overall loading level given by the angle of attack and the
steady lift coefficient.

The waveform of the aerodynamic forcing function is
defined by the first harmonic chordwise and transverse gust
components i * and & *, respectively. The forcing function
waveform variations to the instrumented last stage airfoils are
accomplished by independently circumferentially indexing the
upstream compressor vane rows relative to one another while
maintaining a constant instrumented airfoil steady loading
distribution.

UNSTEADY AERODYNAMIC GUST RESPONSE 1025

Instrumentation

Both steady and unsteady data are required. The steady
data define the detailed aitfoil surface aerodynamic loading.
The unsteady data quantify the time-variant aerodynamic
forcing function to the isolated airfoil, i.c., the airfoil unsteady
inlet flowfield and the resulting chordwise distribution of the
time-variant pressures on the surfaces of the downstream
airfoil. Flow visualization studies showed the flow to be
two-dimensional on the midspan streamline. Thus, midspan
chordwise distributions of airfoil surface static and dynamic
instrumentation are used.

The unsteady aerodynamic forcing function to the airfoil,
the time-variant inlet flowfield, is measured with a cross
hot-wire probe. The airfoil mean absolute inlet flow angie is
determined by rotating the cross-wire probe until a zero
voltage difference is obtained between the two hot-wire sig-
nais. This mean angle is subsequently used as a reference to
caicuiate the airfoil angle of attack and the instantancous
absolute and relative flow angles.

The airfoil surface time-variant pressure measurements are
accomplished with flush-mounted ultraminiature high-re-
sponse transducers. To minimize potential flow disturbances
due to the transducer mounting or the inability of the trans-
ducer diaphragm to exactly maintain the surface curvature of
the airfoil, a reverse mounting technique is used. The pressure
surface of one airfoil and the suction surface of a second are
instrumented, with the transducers embedded in the non-
measurement surface and connected to the measurement sur-
face by a static tap.

To assure the accuracy of the experiments and to minimize
the number of stator row reconfigurations needed to obtain
the isolated airfoil steady and unsteady data of interest, the
complete last stage compressor stator row was replaced with a
stator row comprised of only two airfoils, these being either
the statically instrumented airfoils or the dynamically instru-
mented airfoils. This corresponds to a vane row with a
solidity (chord/spacing) of less than 0.10, which resuits in a
spacing between the instrumented vanes large enough so that
the influence of the neighboring vanes is negligible, i.e., each
vane is essentially an isolated airfoil. For example, the com-
plex unsteady lift predicted by inviscid, incompressible trans-
verse gust flat plate models at a reduced frequency of 5.0 are
( —0.0812, —0.1596) for an isolated airfoil and ( — 0.0809,
—0.1575) for a cascade with solidity of 0.1.

Data Acquisition and Analysis

The steady-state pressure data are acquired with a 48-chan-
nel Scanivalve system. Under computer control, the Scani-
valve is calibrated each time data are acquired, with
compensation automatically made for variations in the zero
and span output. As part of the steady-state data acquisition
and analysis process, a root mean square error analysis is
performed. The steady data are defined as the mean of 30
samples, with the 95% confidence intervals determined.

The time-variant data from the hot-wire probe and the
dynamic pressure transducers are obtained under computer
control by first conditioning their signals and then digitizing
them with a high-speed A-D system. This eight-channel sys-
tem is able to digitize signals simultaneously at rates to
SMHz per channel, storing 2048 points per channel. In
addition, after conditioning the time-variant hot-wire and
pressure transducer signals are monitored by a dynamic signal
processor that can digitize, average, and Fourier decompose
unsteady analog signals.

The time-variant data of interest are periodic, being gener-
ated at rotor blade passing frequency, with a digital ensembie
averaging technique used for data analysis. As will be dis-
cussed, the key to this technique is the ability to sample data
at a preset time. This is accomplished by means of an optical
encoder mounted on the rotor shaft. The microsecond-range
square wave voltage signal from the encoder is the time or
data initiation reference that triggers the high-speed A-D
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a time frame that is greater than the periodic signal compo-
nent characteristic time. With the same initiation reference,
i.c., the signal from the rotor-shaft-mounted optical encoder,
a series of corresponding digitized signais is generated by
repeating this signal sampling and digitization process. The
time-variant signal ensemble average is then determined by
averaging this series of digital data samples.

At each steady-state operating point, an averaged time-vari-
ant data set is obtained that consists of the hot-wire and the
airfoil-mounted transducer signals digitized at a rate of
200 kHz and ensembie-averaged over 200 rotor revolutions.
This sample rate allows approximately 91 points between each
rotor blade at the design compressor rotational speed. These
rotor revolutions are not consecutive due to the finite time
required for the A-D multiplexer system to sample the data
and the computer to then read the digitized data. Each of
these digitized signals is Fourier decomposed into harmonics
by means of a Fast Fourier Transform algorithm.

The first harmonic magnitude and phase angie referenced to
the data initiation pulse are determined from the Fourier
analysis of the data. To then relate the rotor-wake-generated
velocity profiles with the first harmonic surface dynamic
pressures on the instrumented downstream airfoil, the rotor
exit velocity triangles are examined. The change in the rotor
relative exit velocity that occurs as a result of the wake from
a rotor blade is seen in Fig. 1. This velocity deficit creates a
change in the absolute velocity vector, which is measured with
the cross-wire probe. From this instantaneous absolute flow
angle and velocity, the rotor exit relative flow angle and
velocity and the amplitude and phase of the perturbation
quantities are determined. The normal v* and parallel «*
perturbation velocities are determined from the following
relationships:

v =V, S ~ Cpeen)
)

where V., is the mean flow velocity, V. the wake velocity,
a the wake absolute flow angle, and a,,., the mean absolute
flow angle.

The hot-wire probe is positioned upstream of the leading
edge of the instrumented airfoil. To relate time-based events
as measured by this hot-wire probe to the unsteady pressures
on the airfoil surfaces, the following assumptions are made: 1)
the wakes are identical at the hot-wire and the instrumented
airfoil leading-edge plane, and 2) the wakes are fixed in the
relative frame. At a steady operating point, the hot-wire data
are analyzed to determine the absolute flow angle and the
rotor exit relative flow angle. Using the above two assump-
tions, the wake is located relative to the hot-wire and the
leading edges of the instrumented airfoil suction and pressure
surfaces. From this, the times at which the wakes are present
at various locations are determined. The incremental times
between occurrences at the hot-wire and the instrumented
airfoil leading-edge plane are then related to phase differences
between perturbation velocities and the airfoil surface.

The final form of the unsteady pressure data defines the
chordwise variation of the first harmonic pressure difference
across the chord-line of a stator vane and is presented as a
nondimensional complex unsteady pressure difference across
the airfoil chord in the format of the magnitude and the phase
lag referenced to a transverse gust at the airfoil leading edge.

U =Y een = Vi COMX — Uppan)s

Predicted Gust Response
An unsteady serodynamic gust response model that consid-
ers steady aerodynamic loading is needed to provide a base-
line for accurate interpretation of the unsteady data. This is
accomplished using the complete first-order model. i.c., the
thin airfoil approximation is not used, and locally analytical

Fig. 2 Flow of s two-dimensional sirfoil past a cambered sirfoil.

solution developed by Chiang and Fleeter.'® This model con-
siders the flow of a two-dimensional unsteady aerodynamic
gust convected with the mean flow past a thick, cambered
airfoil at finite angle of attack a, as schematically depicted in
Fig. 2. The periodic gust amplitude and harmonic frequency
are denoted by A and w, respectively. The two-dimensional
gust propagates in the direction X" = k,i + k, ], where k, is
the reduced frequency, and k, is the transverse gust wave
number, i.c., the transverse component of the gust propaga-
tion direction vector.

The unsteady flowfield is considered to be rotational and is
linearized about the full steady potential flow past the airfoil.
Thus, the effects of airfoil thickness and camber as well as
mean flow angle of attack are completely accounted for
through the mean potential flowfield. The steady potential
flowfield is independent of the unsteady flowfield. However,
the strong dependence of the unsteady aerodynamics on the
steady effects of airfoil geometry and angile of attack are
manifested in the coupling of the unsteady and steady flowfi-
eids through the unsteady boundary conditions.

A locally analytical solution is then developed. In this
method, the discrete aigebraic equations that represent the
flowfield equations are obtained from analytical solutions in
individual grid elements. A body-fitted computational grid is
used. General analytical solutions to the transformed Laplace
equation are developed by applying these solutions to individ-
ual grid elements, i.e., the integration and separation con-
stants are determined from the boundary conditions in each
grid clement. The complete flowfield is then obtained by
assembling these locally analytical solutions.

Resuits

Nomeparated Flow .

A low steady aerodynamic loading condition is established
by setting the airfoil at an angle of attack of 0.1 deg. The data
defining the airfoil surface static pressure distributions are
presented in Fig. 3. There is a smooth chordwise pressure
variation on each airfoil surface, with no indication of flow
separation. Also. there is generally good correlation between
the data and the inviscid Chiang-Fleeter cambered airfoil
steady flow prediction, with the exception of the airfoil lead-
ing-edge region.

The aerodynamic gust waveform is characterized by the
ratio of the first harmonic chordwise-to-normal gust compo-
nents (4*/5*). The effect of the gust waveform on the
unsteady aerodynamic response of the airfoil is considered by
establishing compressor configurations such that the airfoil
angle of attack and steady surface static pressure distributions
are maintained per Fig. 3, but with the gust component ratio
taking on values of 0.19. 0.35, and 0.53 (Fig. 4).

The effect of the aerodynamic gust waveform on the result-
ing unsteady pressure difference data is shown in Fig. 5. The
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profile of the airfoil and, thus, the surface steady loading
distribution have a significant effect on the unsteady aerody-
namic gust response. In particular, the chordwise variation of
both the magnitude and the phase of the unsteady pressure
difference generaily exhibit much better correlation with the
cambered airfoil predictions than with those from the flat
plate model. The magnitude data exhibit good trendwise
agreement with the cambered airfoil prediction, with this
model typicaily overpredicting the magnitude of the pressure
difference on the front 30% of the airfoil chord. This is due to
the strong coupling of the unsteady prediction on an accurate
representation of the stesdy flowfield. As previously noted,
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the steady flow prediction did not exhibit good correlation
with the steady airfoil surface static pressure data over the
front part of the airfoil. Hence, the poor unsteady data-pre-
diction correlation in this region. Also, the ratio of the first
harmonic gust components (ii * /6 *) has an effect on both the
magnitude and phase of the unsteady pressure difference,
a:;_ho!:sh the general chordwise variation of these data is not
affected.
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To investigate the effect of steady airfoil loading on the 2‘- &=373 .2-0_72
serodymamic gust response, the airfoil angle of attack was
increased to 7.6 deg. The static pressure distributions on the O DATA
airfoil suction and pressure surfaces together with the steady — CHIANG/FLEETER
Chiang-Fleeter predictions are shown in Fig. 6. Relatively ——=ATASSI
good correlation is obtained, aithough not quite as good as at
the lower angle of attack. Again, the correlation between the
data and the predictions is not very good in the leading-edge
region of the sirfoil.

The resuiting unsteady aerodynamic gust response of the
airfoil together with the flat plate and cambered airfoil predic-
tions for a gust first-harmonic-component ratio of 0.22 are
shown in Fig. 7. It should be noted that the reduced frequency
k, for these intermediate angle-of-attack data is increased as
compared to the previously presented low-angle-of-attack
data. This is associated with the use of a low-speed research
compressor to generate the aerodynamic gust forcing func-
tion. Again, the correlation of these complex unsteady pres-
sure data with the cambered airfoil predictions is much better
than with the flat plate model. In particular, the chordwise
variations of both the magnitude and phase of the unsteady
pressure-difference data exhibit good trendwise agreement
with the cambered airfoil predictions. However, the phase
correlation is not quite as good as at the lower loading level,
with the magnitude data now overpredicted on the front half
of the airfoil. This is again associsted with the poor correla-
tion between the steady surface pressure data and the model

over the front part of the airfoil and the dependence of the B ¢ U s -
unsteady predictions on the steady flow-field. o)

Figure 8 shows the correlation between the unsteady pres- o o
sure-difference data and the corresponding predictions for 1)

the Sears flat plate airfoil convected gust analysis, 2) the
cambered airfoil convected gust mode! developed by Chiang
and Fleeter, and 3) the cambered airfoil interaction gust ~2005— %X Freume =L
model of Atassi. The magnitude data exhibit relatively good PERCENT AIRFOIL CHORD

MAGNITUDE

OYNAMIC PRESSURE DIFFERENCE COEFFICIENT

1S~ 0 78° . Fit. § Ussteady pressure diference corretacies.

\ ky*~5908, ky=1307
Ao, A s correlation with all three predictions, with consideration of
\ u/v* =022 . the airfoil profile and steady loading resulting in the best
|QH-° \ —— CHIANG- FLEETER correlation regardiess of whether the gust is considered to be
\ ~-- SEARS convected with the mean flow or not. The phase data correiate
well with the cambered airfoil predictions and not the flat
plate one, with the best correlation obtained with the con-
vected gust cambered airfoil prediction. This is due to the
coupling between the unsteady airfoil acrodynamics and the
steady flowfield.

Separsted Flow

Steady flow separation at approximately 35% of the airfoil
suction surface was established by increasing the angle of
attack to 14 deg. (Fig. 9). The effects of this flow separation
200 on the unsteady acrodynamic gust response are investigated
by comparing the resulting separated flow gust data with
o o o e o e e e e e i e e e corresponding data obtained at the previous intermediate
airfoil angle of attack of 7.6 deg. where the steady lift co-
efficient is nearly the same, but the steady flow is not sepa-
rated. Also, both the parailel and normal gust components are

Lo o] o maintained to be nearly identical for these two configurations
o (Fig. 10) with the ratio of the first-harmonic gust components
(o] being 0.218.

i o Oo The resulting first-harmonic unsteady pressure difference

MAG [Cy)

UNSTEADY PRESSURE DIFFERENCE, Cp

[c5} e

PHASE

data are presented in Fig. 11. Also shown is the nonseparated
fiat plate prediction of Sears. The cambered airfoil prediction
is not presented because of the strong dependence of the
cambered airfoil predictions on the steady flowfield and the

-400 1 1 | A J inappropriateness of the inviscid steady model for rated
0 20 40 60 80 100 flow. The magnitude data for the sepayrlted flow c’;‘é‘ show

% ARFOIL CHORD somewhat different trends than that for the nonseparated flow

Fig. 7 Unatendy sirfoll surface pressare @ifferences ot intermedinte in the leading- and trailing-edge regions of the airfoil. For the
foading. separated flow configuration, the magnitude data are nearly
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constant over the front 15% of the airfoil, whereas the
nonseparated data and the prediction indicate a decreasing
amplitude. ARt of [5% chord, the magnitude data show
analogous trends, with both the separated and nonseparated
data decreasing with increasing chordwise position and attain-
ing a minimum pressure amplitude valve at 30% chord,
similar to the previous resuits. The magnitude data for both
cases then gradually increase to values that are greater than
the prediction near midchord, with the nonseparated data
being lower in amplitude up to this point due to the larger
steady surface pressure differences between the suction and
pressure surfaces. Both data sets then decrease with increasing
chordwise position, with the separated data decreased in
amplitude relative to the prediction and the nonseparated
data. This is a result of the increased steady loading due to the
separation in this region.

UNSTEADY AERODYNAMIC GUST RESPONSE tuzy

The phase data for the separated flow configuration have
different trends than the nonseparated data and the flat piate
prediction near the separation point and in the airfoil trailing-
edge region. Over the front 20% of the airfoil, the data and
the prediction show analogous trends of being nearly con-
stant, with the separated data increased relative to the predic-
tion and the nonseparated data. Aft of 20% chord, the
separated phase data increase, whereas the nonseparated data
decrease relative to the prediction. In the separated flow
region, both the separated and nonseparated data show simi-
lar trends. However, at 70% chord the separated phase data
jump to values larger than the prediction and increase with
further chordwise position. On thc ~i:er hand, the phase data
for the nonseparated case show a gradual increase. Thus,
separation affects both the magnitude and phase of the dy-
namic pressure difference data, with the primary effect being
on the phase.

To further investigate these separation effects, individual
suction surface time-variant pressure signals and their Fourier
decompositions are considered. Figure 12 presents a typical
unsteady pressure signal upstream of the separation point and
the unsteady pressure signal at the same chordwise location
for a configuration where the flow is not separated. It is clear
that the downstream separation point affects both the ampli-
tude and waveform of the unsteady pressure. This becomes
more apparent in the spectrums of these nonseparated and
separated unsteady pressures. The separated flow unsteady
pressure has a much broader spectrum than the nonseparated
one. This pressure field distortion is most probably due to the
oscillation of the separation point generatsd by the periodic
aerodynamic gusts. This would occur at the same frequency as
the forcing function but would be out of phase with it.

A completely different trend is found within the separated
flow region. Figure 13 presents the unsteady pressure signals
for the separated and nonseparated flow cases for the same
chordwise position and their resulting Fourier decomposition.
There is littie difference between the separated and nonsepa-
rated unsteady pressures. However, the nonseparated un-
steady pressure has slightly more distortion, which results in
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the higher-order harmonics of the Fousier spectrum. This
distortion is due to the steady flow turning and the aerody-
namic loading of the airfoil. Within the separation zone where
there is a constant steady static sur{ace pressure, the pressure
fluctuations generated by the separation-point oscillation are
negligible. in contrast to the effect upstream of the separation
point. Such a2 phenomenon also was noted by Maybey.'® The
effect of the separation-point oscillation is probably damped
out by the mass of recirculating fluid within the separated
flow region. Thus, the unsteady pressure within the separation
zone is primarily responding to the aerodynamic forcing
function.

The influence of the aerodynamic gust forcing function on
the airfoil unsteady aerodynamics when the steady flow is
separated is considered by establishing an additional airfoil
configuration where the steady loading is nearly the same,
having an angle of attack on the order of 14.0 deg., but the
ratios of the gust components are different. The airfoil steady
surface static pressure distributions for these two configura-
tions are shown in Fig. 14. The airfoil pressure and suction
surfaces have nearly identical distributions, with a fully sepa-
rated flow starting at approximately 35% of the chord. Fig.
15 shows the areodynamic forcing function to the airfoil. The
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first-harmonic ratios of the gust components (4 */6*) are
0.218 and 0.186, with both the normal 5 * and the parallsi &~
gust components having different values.

The first-harmonic unsteady pressure difference data for
these two configurations, with the nonseparated flat plate
prediction as a reference, are presented in Fig. 16. The
magnitude data indicate analogous trends over the entire
airfoil chord, with the 0.186 (i * /6 *) data being decreased in
value relative to both the prediction and the 0.218 (&*/i *)
data. In the trailing-edge region, the data correlate well with
each other and are decreased relative to the prediction due to
the high steady loading in this region. The phase data show
different trends than the previous high-loading cases and with
cach other near the separation point and the trailing edge.
Over the front 25% of the chord, the phase data show the
same trends. with the 0.186 (4 */¢*) data being in closer
agreement with the prediction. At 30% chord, the 0.218
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(G*/6+) data increase in phase, whereas the 0.186 (@ */6*)
data continue to show good trendwise correlation with the
prediction. From 40% to 60% chord, the phase data correlate
with each other but are decreased in value with respect to the
prediction. Aft of 60% chord, the 0.218 (4 * /6 *) phase data
are increased relative to the prediction and increase with
increasing chord. However, the phase data for 0.186 (i * /6 *)
first increase in phase and then indicate a slight decrease with
increasing chordwise position.

Summary and Conclusions

A series of experiments have been performed to investigate
and quantify the unsteady aerodynamic response of an airfoil
to a high reduced frequency gust, including the effects of the
gust-forcing-function waveform, airfoil steady loading, and
steady flow separation. This was accomplished by using an
axial flow research compressor to experimentally model the
high reduced frequency gust-forcing function, with the last
stage stator vane row replaced with isolated instrumented
airfoils. Appropriate data were correlated with predictions
from flat plate and cambered airfoil gust models.

At low and intermediate airfoil angies of attack with the
steady flow not separated, the profile of the airfoil and, thus,
the surface steady loading distribution were shown to have a
significant effect on the unsteady aerodynamic gust response
of the airfoil. Also, the ratio of the first harmonic gust
components affects both the magnitude and phase of the
unsteady pressure difference, although the general chordwise
variation of these data was not affected. In addition, the
magnitude data exhibit relatively good correlation with all
three predictions, with consideration of the airfoil profile and
steady loading resulting in the best correlation regardless of
whether the gust is considered to be convected with the mean
flow or not. The phase data correlate well with the cambered
airfoil predictions and not the flat plate one, with the best
correlation obtained with the convected gust cambered airfoil
prediction. This is due to the coupling between the unsteady
airfoil aerodynamics and the steady flowfield.

The steady flow separation was shown to have a significant
influence on the unsteady aerodynamics on the airfoil surface
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upstream of the separation point and aiso in the traiiing-edge
region. Also, the separation affects both the magnitude and
the phase of the unsteady pressure difference data, with the
primary effect being on the phase. Consideration of the
individual suction surface unsteady pressure signails revealed
that 1) separation affects the magnitude, waveform, and spec-
trum of the unsteady pressure upstream of the separation
point, possibly a result of an oscillation of the separation
point due to the harmonic gust, 2) the pressure signals in the
separated flow region and the corresponding signals with the
flow not separated exhibit only small differences, and 3) there
is a constant steady static surface pressure in the separated
flow region.
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Forcing Function Effects on Rotor
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A series of experiments are performed in an extensively instrumented axial flow

research compressor 10 investigate the effects of different low reduced frequency
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aerodynamic forcing functions and steady loading level on the gust-generated un-
steady aerodynamics of a first-stage rotor blade row. Two different two-per-rev
Jorcing functions are considered: (1) the vefocity deficit from two 90 deg circum-
Jerential inlet flow distortions, and (2) the wakes from two upstream obstructions,

which are characteristic of airfoil or probe excitations. The data show that the wake-
generated rotor row first harmonic response is much greater than that generated by
the inlet distortion, with the difference decreasing with increased steady loading.

Introduction

Periodic aerodynamic excitations generate unsteady aero-
dynamic forces and moments on turbomachinery blading. At
the resonance conditions where the aerodynamic excitation
frequency matches a blade natural frequency, catastrophic vi-
brational responses of the blading may occur. In the design
process, Campbell diagrams are utilized to predict the occur-
rence of the resonant conditions in the operating range of the
engine. Unfortunately, accurate predictions of the amplitude
of the blade vibration at these resonances cannot currently be
made due to the inability of mathematical models to predict
the unsteady aerodynamics accurately, i.e., the aerodynamic
forcing function to the blade row and the resuiting unsteady
aerodynamics acting on the blading. As a result, empirical
correlations are currently used to indicate the blade row re-
sponse to the various excitations with varying degrees of suc-
cess. However, the applicability of these correlations to
advanced blade designs has been in question for some time;
see for example Mikolajczak et al. (1975).

Nonuniform iniet flow to a rotor represents the most com-
mon aerodynamic excitation source for aerodynamicaily forced
vibrations. These nonuniformities are broadly categorized as
wake excitations or inlet distortions, with two-per-rev sche-
matic depictions of each shown in Fig. 1. They are generated
by a variety of sources including support struts, inlet guide
vanes, stator vanes, engine inlet designs, and aircraft maneu-
vers. In addition to the degradation in performance associated
with the various nonuniform inlet flows, they can also result
in detrimental aeromechanical effects. Namely, the distortion
and wakes both represent unsteady aerodynamic forcing func-
tions to downstream rotor blade rows, thereby resulting in the
possibility of aerodynamically induced blade vibrations. This
.mpacts the fatigue life of the biading and, thus, has an adverse
effect on overall engine durability.

Distortions and wakes are both high energy aerodynamic

Contributed by the Internationat Gas Turbine Institute and presented st the
35th International Gas Turbine and Aeroengine Congress and Exposition, Brus-
sels, Belgium, June 11-14, 1990. Manuscript received by the International Gas
Turbine Institute January 135, 1990. Paper No. 90-GT-109.
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forcing functions characterized by low to moderate values of
the reduced frequency. On a first principles basis, they are
analyzed by first defining the unsteady aerodynamic forcing
function in terms of harmonics. The periodic response of an
airfoil row to each harmonic is then assumed to be comprised
of two components. One is due to the harmonic components
of the unsteady aerodynamic forcing function being swept past
the nonresponding airfoil row, termed the streamwise and
transverse gust responses. The second, the seif-induced un-
steady aerodynamics, arises when a vibrational response of the
airfoil row is generated.

Current state-of-the-art unsteady aerodynamic models for
the prediction of forced response do not consider differences
in the various types of aerodynamic forcing functions, i.e.,
distortion or wake-generated aerodynamic response. Also, the
gust and motion-induced unsteady aerodynamic models in-
volve many physical and numerical assumptions. Therefore,
experimental modeling of the fundamental distortion and wake-
generated blade row periodic unsteady aerodynamic response,

e

3 IR ] Teo 60 ] oo
cmOgagnt I, Poutum, § O
SO ET DISTORTION Cast AFOR. WARE CASE

Fig. 1 Two-per-rev serodynamic forcing functions
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including both the forcing function and the resuiting blade
row unsteady aerodynamics, is needed for validation and en-
hancement of theoretical and numerical models.

Unsteady aerodynamic gust experiments of direct interest to
turbomachines have been performed in low-speed research
compressors. Utilizing the stationary vane rows of both single
and multistage compressors, with the aerodynamic forcing
function being the high reduced frequency wakes shed by the
upstream rotor blades, the effects of airfoil camber, rotor-
stator axial spacing, and the waveform of the aerodynamic
forcing function on the first harmonic vane row response have
been investigated (Fleeter et al., 1978, 1980; Capece et al.,
1986; Capece and Fleeter, 1987). Gallus et al. (1980) utilized
five transducers embedded in each vane surface to quantify
the unsteady lift coefficients corresponding to the first five
harmonics of rotor blade passing frequency.

With regard to inlet flow distortions, O’Brien et al. (1980)
used six dynamic pressure transducers embedded on each rotor
blade surface to measure the unsteady aerodynamic response
to a distorted iniet flow fieid. However, the periodic rotor
blade row inlet flow fieild was not measured and, thus, the
unsteady aerodynamic gust forcing function was not quanti-
fied. Manwaring and Fleeter (1990) investigated the effect of
inlet distortion waveform shape on the unsteady pressure re-
sponse of a first-stage rotor row in a muitistage compressor.
Hardin et al. (1987) mcasured low reduced frequency oscil-
lating airfoil aerodynamics on a rotor of a single-stage com-
pressor and also stated that they performed similar distortion

Teble 1 Overall sirfoll and w‘m
ROTOR  STATOR  IGV

Alrfoil type cs ] ca
Number of Airfoils 43 1] 3%
Chord, C (mm) n 0 0
Solidity, C/S 1.14 109 096
Camber, 8 n0 bad 69
Stagger Angle. ¥ 6.0 -36.0 210
Aspect Ratio 2.0 2.0 20
Thicknes/Chord (%) 120 100 109
Flow Rate (kg/s) 2m

Design Axial Velacity (nvs) 21 4

Design Rrtmional Speed (RPM) 2250

Number of Siages 3

Design Stage Mressure Ratio 1.0

Inlet Tip Diameter (rm) 420

HutvTip Radius Ratio a4

Stage Efficiency (%) 1]

experiments, although the resuits were not presented. In the
high-speed flow regime, Datko and O’Hara (1987) measured
the forced vibratory response of an advanced transonic com-
pressor first-stage integrally bladed disk (a blisk) generated by
seven different inlet total pressure distortion screens. These
experiments found that the blisk was susceptible to excessive
resonant stresses generated by the inlet distortions, with com-
plex inlet distortions exciting the lower natural frequencies at
a number of engine orders. Although the distorted inlet flow
field was measured with a total pressure probe, the harmonic
content of the distortion was not always discernible. Also, the
detailed forcing function, i.e., the streamwise and transverse
gusts, and the rotor bilade surface unsteady pressure and pres-
sure differences were not quantified.

In this paper, the fundamental flow physics of disturbance-
generated periodic rotor blade row unsteady aerodynamics,
including the effect of different unsteady aerodynamic forcing
functions, are experimentally investigated for the first time.
This is accomplished by means of a series of experiments per-
formed in an extensively instrumented axial flow research com-
pressor directed at the investigation of the effects of both the
aerodynamic forcing function and steady aerodynamic loading
level on the gust-generated unsteady aerodynamics of a first
stage rotor blade.

As schematicaily depicted in Fig. 1, two different two-per-
rev acrodynamic forcing functions are considered: (1) the ve-
locity deficit from two 90 deg circumferential inlet flow dis-
tortions, and (2) the wakes from two upstream obstructions,
which are characteristic of airfoil or probe excitations. These
aerodynamic forcing functions to the first-stage rotor blade
row are measured with a rotating cross hot wire probe, with
these data then analyzed to determine the streamwise and trans-

Nomenclature
b = rotor blade semichord - d; = streamwise gust harmonic
C, = rotor blade steady loading = k = reduced frequency =wb/V, component
fHCo.presvere ~ Cp mucrion)dX p = rotor blade surface unsteady v* = transverse unsteady velocity
C, = rotor blade steady pressure pressure component
coefficient Pey = rotor drum steady pressure 0 = transverse gust harmonic com-
Cx = rotor blade harmonic unsteady P, = rotor blade surface steady . ponent
pressure coefTicient pressure . = mean axial velocity
Caw = rotor blade harmonic unsteady A = harmonic unsteady pressure p = density of air
R pressure difference coefficient U, = rotor blade tip speed 6 = interblade phase angie
i = rotor blade mean incidence u® = streamwise unsteady velocity w = two-per-rev forcing function
angle component frequency, rad
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verse velocity components, u* and v*, shown in Fig. 2. The
resulting unsteady aerodynamic gust-generated rotor blade sur-
face unsteady pressure chordwise distributions are measured
with embedded ultraminiature high response dynamic pressure
transducers.

Research Compressor

The Purdue Axial Flow Research Compressor experimen-
tally models the fundamental turbomachinery unsteady aero-
dynamic multistage interaction phenomena including the
incidence angle, the velocity and pressure variations, the aero-
dynamic forcing function, the reduced frequency, and the un-
steady blade row interactions. The compressor is driven by a
15 hp d-c electric motor and is operated at a speed of 2250
rpm. Each identical stage of the baseline compressor contains
43 rotor blades and 31 stator vanes having a British C4 profile,
with the first-stage rotor inlet flow field established by a row
of 36 variable setting inlet guide vanes. The overall airfoil and
compressor characteristics are presented in Table 1. For these
experiments, the first-stage rotor biade row was extensively
instrumented. Due to the large gap between the IGV row and
the first-stage rotor row, approximately 75 percent vane chord,
the potential flow effects are negligible compared to the viscous
wakes. To eliminate any potential flow effects from the down-
stream stator row on the instrumented first-stage rotor blades,
the first-stage stators and second-stage rotors were removed,
as schematically depicted in Fig. 3.

Instrumentstion

Both steady and unsteady first-stage rotor blade row data
are required. The steady data quantify the rotor mean inlet
flow field and midspan steady l~ading distribution. The un-
steady data define the periodic aerodynamic forcing function
and the resulting midspan blade surface periodic pressure dis-
tributions.

The inlet flow field, both steady and unsteady, is measured
with a rotating cross hot-wire probe mounted 30 percent of
blade chord upstream of the rotor row. The cross hot-wire
probe is calibrated and linearized for velocities from 18.3
m/s to 53.4 m/s and +/ - 35 deg angular variation, with the
accuracy of the velocity magnitude and flow angie determined
to be 4 percent and +/ - 1.0 deg, respectively. Centrifugal
loading effects on the rotating hot-wire sensor resistances z2ad,
thus, responses were found to be negligible.

The detai'~d steady aerodynamic loading on the rotor blade
surfaces is measured with a chordwise distribution of 20 mid-
span static pressure taps, 10 on each surface. The static pressure
at the rotor exit plane, measured with a rotor drum static tap,
is used as the blade surface static pressure reference. These
static pressure measurements are made using a rotor based 48
port constant speed drive Scanivalve system located in the rotor
drum. To determine the accuracy of the steady pressure meas-
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urements, a 95 percent confidence internal, root-mean-square
error analysis of 20 samples is performed.

The measurement of the midspan rotor blade surface un-
steady pressures is accomplished with 20 ultraminiature, high
response transducers embedded in the rotor blades at the same
chordwise locations as the static pressure taps. To minimize
the possibility of flow disturbances associated with the inability
of the transducer diaphragm to maintain the surface curvature
of the blade exactly, a reverse mounting technique is utilized.
The pressure surface of one blade and the suction surface of
the adjacent blade are instrumented, with transducers em-
bedded in the nonmeasurement surface and connected to the
measurement surface by a static tap. The embedded dynamic
transducers were both statically and dynamically calibrated.
The static calibrations showed good linearity and no discernible
hysteresis. The dynamic calibrations demonstrated that the
frequency response, in terms of gain attenuation and phase
shift, were not affected by the reverse mounting technique.
The accuracy of the unsteady pressure measurements, deter-
mined from the calibrations, is +/ —4 percent.

The rotor-based static pressure Scanivalve transducer, ro-
tating hot-wire probe, and 20 blade surface dynamic pressure
transducers are interfaced to the stationary frame of reference
through a 40 channel slip ring assembly. Onboard signai con-
ditioning of the transducer output signals is performed to main-
tain a good signal-to-noise ratio through the slip ring. The
remaining 17 channels of the slip-ring assembly are used to
provide excitation to the transducers and on/off switching
excitations to the Scanivalve DC Motor.

Data Acquisition and Analysis

Steady Data. The rotor blade surface static pressure data,
measured with the rotor-based Scanivalve system, are defined
by a root-mean-square error analysis of 20 samples with a 95
percent confidence interval. The reference for these midspan
blade pressure measurements is the static pressure at the exit
of the rotor measured on the rotor drum. Thus, the blade
surface and the reference static pressures are measured at dif-
ferent radii. Hence, a correction for the resulting difference
in the radial acceleration is derived and applied in caiculating
the blade surface static pressure coefficient defined in equation
().
~ P [ P exit

G= 17200}
where U, is the rotor blade tip speed.

(1)

Periodic Data. The periodic data of interest are the har-
monic components of the aerodynamic forcing function to the
first-stage rotor blade row together with the resulting rotor
blade surface unsteady pressures and unsteady pressure dif-
ferences. These are determined by defining a digitized ensemble
averaged unsteady aerodynamic data set consisting of the ro-
tating cross hot-wire probe and blade surface dynamic pressure
transducer signals at each steady operating point. In particular,
these time-variant signals are digitized with a high-speed A-D
system at a rate of 20 kHz and then ensemble averaged. The
key to this averaging technique is the ability to sample data at
a preset time, accomplished by an optical encoder mounted
on the rotor shaft. The microsecond range step voitage signal
from the encoder is the data initiation time reference and
triggers the high speed A-D multiplexer system. To significantly
reduce the random fluctuations superimposed on the periodic
signals of interest, 200 averages are used. A Fast Fourier Trans-
form (FFT) algorithm is then applied to these ensemble-av-
eraged signals to determine the harmonic components of the
unsteady aerodynamic forcing function and the resulting rotor
blade surface harmonic unsteady pressures and pressure dif-
ferences.
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The unsteady inlet flow field to the rotor row, measured
with the rotating cross hot-wire probe, is quantified by the
iniet relative velocity and flow angle. The velocity triangle
relations depicted in Fig. 2 are then used to determine the
detailed unsteady velocity into the rotor row, in particular, the
streamwise and transverse velocity components, ¥* and v”,
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respectively. These are then Fourier decomposed to determine
their harmonic components, ;" and 4.

The various unsteady aerodynamic gust mathematical models
reference the gust-generated airfoil aerodynamic response to
a transverse gust at the leading edge of the airfoil. However,
in the experiments described herein, the time-variant data are
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pressure coefficient

referenced to the initiation of the data acquisition shaft trigger
puise. Thus, for consistency with the models, the periodic data
are further analyzed and referenced to a transverse gust at the
leading edge of the first stage rotor blade. This is accomplished
by assuming that: (1) The aerodynamic forcing function re-
mains fixed in the stationary reference frame; and (2) the
forcing function does not change from the rotating hot-wire
probe axial location to the rotor row leading edge plane.

The rotor blade surface unsteady pressure data, measured
with the embedded high response pressure transducers, are
analyzed to determine the harmonics of the chordwise distri-
bution of the unsteady pressure coefficient, C,, and the un-
steady pressure difference coefficient, C,,,. These are defined
in equation (2) and are specified from the Fourier coefficients
of the digitized unsteady pressure transducer signais. The non-
dimensionalization term, 8, is used in addition to the standard
terms to collapse the steady loading effects associated with
mean incidence angle as will be shown later.

b

Cﬂ == 2 0'0 . (2a)
[ Vx ("‘; ﬁ
Capt = Coipressure = Cpi suction 2b)

where §,* is the harmonic transverse gust component, V, is
the mean axial velocity, and 8 is the relative mean flow
angle.

The final form of the gust-generated rotor blade row un-
steady aerodynamics is the chordwise distribution of the har-
monic complex unsteady pressure and pressure difference
coefficients. Also inciuded as a reference where appropriate
are predictions from the transverse gust analysis of Smith
(1971). This model analyzes the unsteady aerodynamics gen-
erated on a flat plate airfoil cascade at zero incidenee by a
transverse gust convected with an inviscid, subsonic, com-
pressible flow.
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Results

A series of experiments are performed to investigate and
quantify the effects of different aerodynamic forcing functions
and the level of steady aerodynamic loading on periodic gust
unsteady aerodynamics of a first stage rotor blade. Two dif-
ferent types of two-per-rev forcing functions are considered:

Transactions of the ASME

69




~37°10294] 028
Q2901 G268

as jan
89r1Q3 {032

10| ox2ela3e

(S5 0b a0
L]

MAGMITUDE [Cp ]

SUCTION SURFACT UNSTTADY PRESSURE COESFICIENT, Oy

PHASE (Cy | omg)
3

A 3

Fig. 11 Suction surfsce steady loading eifect on unsteady pressure
with inlet distortion forcing function

1 v Kol e,
-3¢°|a297]aze| ves | a0t
-os* |asoojaze]| ae7 | 0w
st {ass {os | ose { a0

os*|a3m lass| a7z | oom
se |as2s]asy| ar3 | com

500 a0

% ROTOR CHORD

) e )

Fig. 12 Suction surfece steedy loading effect on unsteady pressure
with wake lorcing function

(1) a circumferential inlet flow distortion, and (2) upstream
airfoil wakes. In these experiments, the two two-per-rev forcing
functions are equivalent in terms of aerodynamically forced
response as each has approximately the same nominal value
for the first harmonic streamwise-to-transverse gust amplitude
ratio, 0.72 for the inlet distortion and (.70 for the wakes.
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Periodic Aerodynamic Forcing Functions. The Fourier de-
compositions of the inlet distortion and wake aerodynamic
forcing functions to the first-stage rotor in terms of the gust
components are presented in Figs. 4 and § for the lowest steady
loading level. The inlet distortion results in a dominant two-
per-rev excitation with smaller higher harmonics. With the
wake forcing function, a strong two-per-rev signal is again
present. However, the higher harmonic amplitudes are ap-
proximately the same magnitude as the generating wake two-
per-rev fundamental for the streamwise gust components and
are larger for the transverse gust component.

The inlet distortion and wake aerodynamic forcing functions
for the highest steady loading level are shown in Figs. 6 and
7. The effect of steady loading on the inlet distortion forcing
function is minimal, with both the transverse and streamwise
harmonic gust components having relatively the same mag-
nitudes as the low steady loading level. However, for the wake
forcing function, while the first harmonic streamwise and
transverse gust amplitudes are relatively unchanged from the
low steady loading level resuits, the higher harmonic gust com-
ponent magnitudes differ considerably. For this higher steady
loading level, the larger higher harmonics imply that the wake
deficit and flow angle changes through the airfoil wake are
increased.

Blade Surface Static Pressures. The effect of steady aero-
dynamic loading, characterized by the mean incidence angle,
on the rotor blade surface static pressure coefficient for both
the inlet distortion and the obstruction wake forcing function
are shown in Fig. 8. The level of steady loading only affects
the static pressure distribution on the pressure surface over the
front 40 percent of the chord. On the suction surface, the
steady loading variation has a large effect on the static pressure
distribution over the entire suction surface. Also, these data
exhibit no indication of flow separation. Of particular interest
to the unsteady experiments, these data clearly show that these
different aerodynamic forcing functions have no effect on the
steady aerodynamic performance of the rotor, i.e., the airfoil
steady surface static pressures are independent of the unsteady
aerodynamic forcing function.

Rotor Periodic Aerodynamic Response. The unsteady
aerodynamic response of the first-stage rotor blade row to the
first harmonic of the inlet distortion and wake forcing func-
tions, including the effect of steady aerodynamic loading, are
presented in Figs. 9-14. In particular, these figures present the
chordwise distributions of the complex unsteady pressure coef-
ficient on the individual rotor blade surfaces as well as the
corresponding complex unsteady pressure difference coeffi-
cients generated by these equivalent first harmonic two-per-
rev aerodynamic forcing functions.

Pressure Surface Unsteady Pressures. The effect of steady
aerodynamic loading level on the first harmonic of the complex
unsteady pressure distribution on the rotor blade pressure sur-
face for the inlet distortion and the wake forcing functions is
shown in Figs. 9 and 10, respectively.

For the inlet distortion, the unsteady pressure magnitude
decreases monotonically with increasing chord for all steady
loading levels. This form of the dimensioniess unsteady pres-
sure coefficient, equation (2a), results in the compression of
these magnitude data for all mean flow incidence angle values.
Thus, the magnitude of the unsteady pressure response on the
blade pressure surface, i.c., the low camber airfoil surface, is
primarily due to the level of steady loading as characterized
by the mean flow incidence angle.

With the wake forcing function, the unsteady pressure mag-
nitude also decreases monotonically with increasing chord for
the three highest steady loading levels, with the data collapsed
for these loadings. For the lowest steady loading levels, the
data are also collapsed in the aft half of the surface but exhibit
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a significant decreased magnitude region between 15 and 40
percent of the chord. This is attributed to the acceleration of
the mean flow around the pressure surface leading edge region
at these two negative mean incidence angles. As this effect was
not seen in the inlet distortion case, this indicates that the first
harmonic gust generated by the wake has a much larger in-
teraction with the accelerated mean flow field than the cor-
responding inlet distortion-generated gust.

The effects of steady loading on the unsteady pressure phase
data are also dependent on the specific forcing function. With
the inlet distortion, these phase data are essentially independent
of the steady loading level. However, with the wake forcing
function, the phase of the unsteady pressure is a function of
the level of steady loading, with the phase decreasing as the
incidence angle increases. Another difference in the effect of
the two forcing functions is that with the inlet distortion, the
unsteady pressure phase increases over the front half of the
surface and remains constant over the aft half, whereas the
corresponding phase data increase in value along the entire
pressure surface with the wake forcing function.

Suction Surface Unsteady Pressures. The effect of steady
aerodynamic loading on the first harmonic complex unsteady
pressure on the rotor blade suction surface is shown in Fig.
11 for the infet distortion and in Fig. 12 for the wake forcing
function.

In contrast to the pressure surface, the form of the dimen-
sionless unsteady pressure coefficient, equation (2a), does not
compress the suction surface magnitude data with mean flow
incidence angle, the exception being between 13 and 20 percent
of the chord for the inlet distortion. For both forcing functions,
the unsteady pressure magnitude data decrease to a minimum
and then increase as the chord is traversed. Also, the magnitude
data exhibit the same steady loading trends aft of the minimum
magnitude chordwise position for the two forcing functions,
with the unsteady pressure magnitude increasing with increas-
ing steady loading. In the front chord region, however, the
unsteady pressure magnitudes generated by the wake decrease
with increasing steady loading, whereas the corresponding inlet
distortion-generated magnitudes increase with increasing steady
loading. Another difference associated with the forcing func-
tions is that the wake-generated unsteady pressure magnitude
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data are significantly larger in value than the corresponding
inlet distortion-generated magnitudes for ali steady loading
levels, particularly in the front chord region, with the differ-
ences decreasing with increasing steady loading.

The forcing function has a significant influence on the effect
of steady loading level on the unsteady pressure phase data.
For the inlet distortion at approximately 25 percent chord and
for the wake forcing function over the entire suction surface,
the phase data decrease as the incidence angle is increased.
However, there is 2 much larger steady loading effect apparent
with the wake forcing function, particularly over the front 75
percent of the chord. Other differences in the effects of the
two forcing functions on the suction surface phase data are
that with the inilet distortion: (1) The variation with steady
loading in the leading edge region changes, increasing with the
increasing incidence angle; and (2) these data are nearly in-
dependent of the loading level from approximately 15 to 25
percent chord, the vicinity of the minimum unsteady pressure
magnitude data. Neither of these effects are found in the wake-
generated phase data.

Unsteady Pressure Differences. The effects of steady load-
ing on the first harmonic compliex unsteady pressure difference
across the rotor blade are shown for the inlet distortion and
for the wake forcing functions in Figs. 13 and 14. Also pre-
sented in these figures as a reference are the flat plate cascade
predictions.

The unsteady pressure difference magnitude data for both
forcing functions generalily decrease with increasing chord, in
trendwise agreement with the predictions. The wake-generated
magnitude data are of greater amplitude than the correspond-
ing distortion data in the front chord region, with the distortion
data increasing and the wake data decreasing with increasing
steady loading. The unsteady pressure difference data gener-
ated by the two forcing functions are greatly decreased in
magnitude and are in better agreement with one another in the
mid to aft chord region, with both increasing slightly with
increased loading. Thus, the unsteady lift response of the rotor
blade is much greater for the wake forcing function than for
the inlet distortion, with the differences decreasing with in-
creasing steady loading.

The unsteady pressure difference phase data are nearly in-
dependent of the forcing function. Over the front part of the
blade, the phase is nearly constant and is independent of the
steady loading level. There is a sharp increase in the phase data
in the midchord region, with the phase increasing to an aft
chord value, which is slightly greater for the wake forcing
function than for the inlet distortion for all steady loading
levels. The chordwise location of the onset of this rapid phase
increase moves forward with increasing steady loading level.

Summary and Conclusions

The fundamental flow physics of wake and distortion-gen-
erated periodic rotor blade row unsteady aerodynamics, in-
cluding the effect of different unsteady aerodynamic forcing
functions, were experimentally investigated. This was accom-
vlished through a series of experiments performed in an ex-
tensively instrumented axial flow research compressor, which
quantified the effects of the aerodynamic forcing function and
the steady aerodynamic loading level on the wake and distor-
tion-generated gust unsteady aerodynamics of a first-stage ro-
tor blade. Two different two-per-rev forcing functions were

Journal of Turbomachinery

considered: (1) the velocity deficit from two 90 deg circum-
fereritial inlet flow distortions, and (2) the wakes from two
upstream obstructions, which are characteristics of airfoil or
probe excitations. General experimental results are noted in
the following with detailed unsteady aerodynamic resuits sum-
marized in Table 2.

® The rotor steady aerodynamic performance is independ-
ent of the aerodynamic forcing function.

¢ The inlet distortion forcing function shows a dominant
two-per-rev, with much small higher harmonic content. In
contrast, the wake forcing function shows a strong two-per-
rev with higher harmonics of larger amplitudes.

® On both the suction and pressure surfaces, the first har-
monic complex unsteady pressure distributions are dependent
on the particular forcing function.

® The unsteady pressure difference magnitude data gen-
erally decrease with increasing chordwise distance for both
forcing functions, in trendwise agreement with the flat plate
cascade predictions.

¢ The wake-generated rotor row unsteady first harmonic
response is much greater than that generated by the inlet dis-
tortion, with the difference decreasing with increased steady
loading.
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Rotor Blade Unsteady Aerodynamic Gust Response to
Inlet Guide Vane Wakes

STEVEN R. MANWARING' and SANFORD FLEETER
Thermal Sciences and Propulsion Center
School of Mechanical Engineering
Purdue University
Wes! Lafayette, Indiana 47907

ABSTRACT

A series of ecxperiments are performed in an
extensively instrumented axial flow research compressor
to investigate the fundamental flow physics of wake
generated periodic rotor blade row unsteady
aerodynamics at realistic values of the reduced
frequency. Unique unsteady data are obtained which
describe the fundamental unsteady aerodynamic gust
interaction phenomena on the first stage rotor blades of
a research axial flow compressor generated by the
wakes from the Inlet Guide Vanes. In these
experiments, the effects of steady blade aerodynamic
loading and the aerodynamic forcing function, including
both the transverse and chordwise gust components, and
the amplitude of the gusts, are investigated and
quantified.

NOMENCLATURE

b Rotor blade semichord

G Rotor blade steady loading=

_ l: (Ep.preum - Ep.sucmm) dx

G Rotor blade steady pressure coefficient

&) Rotor blade unsteady pressure coefficient

Cap Rotor blade unsteady pressure difference
coefficient

Rotor blade mean incidence angle
Reduced frequency = @b/ V,
Digitized ensembled averaged unsteady
pressure

° x =

+ Currently Engineer, Aerodynamics Research Laboratory,
General Electric Aircraft Engines, Cincinnati, Ohio

P d st the Inter

Py Rotor blade surface steady pressure

p First harmonic ccmplex unsteady pressure

u' Streamwise gust first harmonic component

v Transverse gust first harmonic component

Vi Mean axial velocity

AV Absolute velocity vector difference from
mean value

AW Total unsteady velocity

B_ Relative mean flow angle

Ap Relative flow angle difference from mean
value

W Forcing function frequency, radians

INTRODUCTION

Periodic aerodynamic excitations generate unsteady
aerodynamic forces and moments on turbomachinery
blading. At the resonance conditions where the
aerodynamic excitation frequency matches a blade
natural frequency, catastrophic vibrational responses of
the blading may occur. In the design process, Campbetl
diagrams are utilized to predict the occurrence of the
resonant conditions in the operating range of the blade
row. Unfortunately, accurate predictions of the
amplitude of the blade vibration at these resonances
cannot currently be made due to the inability of
mathematical models to accurately predict the unsteady
aerodynamics, i.e., the aerodynamic forcing function 1o
the blade row and the resulting unsteady acrodynamics
acting on the blading. As a result, empirical
correlations are currently used to indicate the blade row
response to an excitation, with varying degrees of
success.

On a first principles basis, forced response unsteady
aerodynamics are analyzed by first defining the forcing
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function in terms of harmonics. The periodic response
of an airfoil row to each harmonic is then assumed to be
comprised of two components. One is due to the
harmonic components of the unsteady aerodynamic
forcing function being swept past the nonresponding
airfoil row, termed the streamwise and transverse gust
responses. The second, the self-induced unsteady
aerodynamics, arises when a vibrational response of the
airfoil row is generated.

The gust and motion-induced unsteady aerodynamic
models involve many physical and numerical
assumptions. Therefore, experimental modeling of the
fundamental distortion and wake generated blade row
periodic unsteady aerodynamic response, including both
the forcing function and the resulting blade row
unsteady ierodynamics, is needed for validation and
enhancement of theoretical and numerical models.

Unsteady aerodynamic gust experiments of direct
interest to turbomachines have been performed in low
speed research compressors. Fleeter, Jay and Bennett
(1978) and Fleeter, Bennett and Jay (1980) investigated
the effects of airfoil camber and rotor-stator axial
spacing on the unsteady aerodynamics of a stator vane
row of a single stage low speed research compressor.
Capece, Manwaring and Fleeter (1986) and Capece and
Fleeter (1987) performed measurements in a three stape
low speed research compressor to investigate the effect
of steady airfoil loading and detailed aerodynamic
forcing function waveshape on the unsteady
aerodynamic response of a stator vane row. Gallus,
Lambertz and Wallman (1980) performed
measurements at the midspan of a low camber vane of a
single stage axial flow compressor. The unsteady lift
coefficients corresponding to the first five harmonics of
rotor blade wake passing were measured with five
transducers embedded in each vane surface.

Gust experiments performed in rotor blade rows
include the following. With regard to inlet flow
distortions, O'Brien, Cousins, and Sexton (1980) utilized
six dynamic pressure transducers embedded on each
rotor blade surface to measure the unsteady
aerodynamic response to a distorted inlet flow field.
However, the periodic rotor blade row inlet flow field
was not measured and, thus, the unsteady aerodynamic
gust forcing function was not quantified. Hardin, Carta,
and Verdon (1987) measured low reduced frequency
oscillating airfoil aecrodynamics on the rotor of a single
stage compressor and also stated that they performed
similar distortion experiments although the results were
not presented.

Manwaring and Fleeter (1989, 1990) experimentally
investigated the unsteady aerodynamic rotor blade row
gust response generated by low reduced frequency inlet
distortions and wake type disturbances. The major
advantage of rotor based unsteady gust experiments over
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stationary blade row experiments is that the unsteady
aerodynamic forcing function is located in the stationary
reference frame. This enables a wide range of forcing
functions to be more easily generated and without large
detrimental effects on compressor overall performance.

In this paper, the rotor blade row fundamental
unsteady aerodynamic flow physics gencrated by
periodic wakes are investigated at realistic values of the
reduced frequency. In particular, the effects of the
detailed unsteady aerodynamic forcing function,
including both the transverse and chordwise pust
components and the gust amplitude, as well as steady
aerodynamic loading on the unsteady acrodynamic gust
response of the first stage rotor blade row are
investigated. This.is accomplished by means of a series
of experiments performed in an extensively
instrumented axial flow rcsearch compressor.  Unique
unsteady aerodynamic duta are obtained which describe
both the detailed unsteady aerodynamic forcing function
generated by the wakes from the IGV's and the resulting
first stage rotor blade row unsteady aerodynamic gust
response.

In these experiments, the primary data obtained
define the midspan chordwise distributions of both the
steady and unsieady pressure on the rotor blade
surfaces, with the aerodynamic forcing function
generated in the stationary reference frame. These
forcing functions are measured with a rotating cross
hot-wire probe, with these data  then analyzed to
determine the streamwise and transverse velocity
components, u* and v* shown in ligure 1. ‘The
resulting unsteady aerodynamic gust generated rotor
blade surface unsteady pressure chordwise distributions
are measured with embedded ultra-miniature high
tesponse dynamic pressure transducers. The blade
surface steady pressure chordwise distributions are
measured with blade surface static taps ported 10 a
rotor-based Scanivalve system.

RESEARCH COMPRESSOR

The Purdue Axial Flow Research Compressor
models the fundamental turbomachinery unsteady
acrodynamic multistage interaction phenomena which
include the incidence angle, the velocity and pressure
variations, the aerodynamic forcing function
waveforms, the reduced frequency, and the unsteady
blade row interactions. The compressor is driven by a
15 HP DC electric motor at a speed of 2,250 RPM.
Each identical stage contains 43 rotor blades and 31
stator vanes having a British C4 airfoil profile, with the
first stage rotor inlet flow field established by a variable
setting inlet guide vane (IGV) row of 36 airfoils. The
overall compressor and airfoil characteristics are
defined in Table 1.




The compressor aerodynamic performance is
determined utilizing a 48 port Scanivalve system,
thermocouples, and a venturi orifice to measure the
required pressures, temperatures and flow rate,
respectively. The Scanivalve transducer is calibrated
each time data are acquired, thus automatically
compensating for zero and span shifts of the transducer
output. A 95% confidence interval, root-mean-square
error analysis of 20 samples is performed for each
steady data measurement.

INSTRUMENTATION

Both steady and unsteady rotor blade row data are
required. These are acquired with the rotor-based
instrumentation system schematically depicted in Figure
2. The steady data quantify the rotor row mean inlet
flowfield and the resulting rotor blade midspan steady
loading distribution. The unsteady data define the
periodic aerodynamic forcing function and the resulting
midspan blade surface periodic unsteady pressure
distributions.

The inlet flow field, both steady and unsteady, is
measured with a rotating cross hot-wire probe.
Disturbances in the stationary frame-of-reference, i.e.,
the IGV wakes, are the unsteady acrodynamic forcing
functions to the first stage rotor row. The rotor
periodic unsteady inlet flow field generated by these
disturbances is measured with a cross hot-wire mounted
in the rotor frame-of-reference. The probe is axially
mounted 30% of rotor chord upstream of the rotor
leading edge plane. A potential flow field analysis
determined this a»‘al location to be such that leading
edge potential effects are negligible for all steady
loading levels. The probe is angularly aligned 1o obtain
rotor relative velocity and flow angle data. The cross
hot-wire probe was calibrated and linearized for
velocities from 18.3 m/sec to 53.4 m/sec and +/- 35
degrees angular variation, with the accuracy of the
velocity magnitude and flow angle were determined to
be 4% and +/- 1.0 degree, respectively. Centrifugal
loading effects on the rotating hot-wire sensor
resistances and, thus, the responses, were found to be
negligible.

The detailed steady aerodynamic loading on the
rotor blade surfaces is measured with a chordwise
distribution of 20 midspan static pressure taps, 10 on
each surface. The static pressure at the rotor exit plane,
measured with a rotor drum static tap, is used as the
blade surface static pressure reference. These static
pressure measurements are made using a rotor based 48
port constant speed drive Scanivalve system focated in
the rotor drum.

The measurement of the midspan rotor blade surface
unsteady pressures is accomplished with 20 ultra-

miniature, high response transducers embedded in the
rotor blades at the same chordwise locations as the static
pressure taps. To minimize the possibility of flow
disturbances associated with the inability of the
transducer diaphragm to exactly maintain the surface
curvature of the blade, a reverse mounting technique is
utilized. The pressure surface of one blade and the
suction surface of the adjacent blade are instrumented,
with transducers embedded in the nonmeasurement
surface and connected to the measurement surface by a
static tap. The embedded dynamic transducers are both
statically and dynamically calibrated. The static
calibrations show good linearity and no discernible
hysteresis. The dynamic calibrations demonstrate that
the frequency response, in terms of gain attenuation and
phase shift, are not affected by the reverse mounting
technique. The accuracy of the unsteady pressure
measurements, determined from the calibrations, is +/-
4%.

The rotor-based static pressure Scanivalve
transducer, rotating cross hot-wire probe and 20 blade
surface dynamic pressure transducers are intertaced to
the stationary frame-of-reference through a 40 channel
slip ring assembly. On-board signal conditioning of the
transducer output signals is performed to maintain a
good signal-to-noise ratio through the slip rings. The
remaining 17 channels of the slip-ring assembly are used
to provide excitation to the transducers and on/off
switching to the Scanivalve DC motor.

DATA ACQUISITION AND ANALYSIS
S!Q.!(!:! !)‘!l»l

The rotor blade surtace static pressure data,
measured with the rotor-based Scanivalve system, are
defined by a root-mean-square error analysis of 20
samples with a 95% confidence interval. ‘The reference
for these midspan blade pressure measurements is the
static pressure at the exit of the rotor measured on the
rotor druin. Thus, the blade surface and the reference
static pressures are measured at difterent radii. Hence,
a correction for the resulting difference in the radial
acceleration is applied in calculating the blade surface
static pressure coefficient defined in Equation 1.

—C_p=£s_‘_f_em (1)
12 p U2

where Uy is the rotor blade tip speed.

Periodic Data

The periodic data of interest are the harmonic
components of the aerodynamic forcing function 10 the
first stage rotor blade row together with the resulting
rotor blade surface unsteady pressures and uastcady
pressure differences. These are determined by defining
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a digitized ensemble averaged periodic unsteady
aerodynamic data set consisting of the rotating cross
hot-wire probe and blade surface dynamic pressure
transducer signals at each steady operating point. In
particular, these time-variant signals are digitized with a

high speed A-D system at a rate of 100 kliz and then
ensemble averaged.

The key to this averaging technique is the ability 1o
sample data at a preset time, accomplished by an optical
encoder mounted on the rotor shaft. The microsecond
range step voltage signal from the encoder is the data
initiation time reference and triggers the high speed A-
D multiplexer system. To significantly reduce the
random fluctuations superimposed on the periodic
signals of interest, 200 averages are used. A Fast
Fourier Transform (FFT) algorithm is then applied to
these ensemble averaged signals to determine the
harmonic components of the unsteady aerodynamic
forcing function and the resulting rotor blade surface
harmmonic unsteady pressures and pressure differences.

The unsteady inlet flow field to the rotor row is
measured with the rotating cross hot-wire probe which
quantifies the relative velocity and flow angle. The
velocity triangle relations depicted in Figure 1 are then
used to determine the unsteady inlet flow field to the
rotor, in particular, the streamwise and transverse
velocity components, ut and v*, respectively. These are
then Fourier decomposed to determine the first
harmonic of the streamwise and transverse velocity
components, termed the streamwise and transverse gust
components, u* and v* .

The various unsteady aerodynamic gust
mathematical models reference the gust generated airfoil
aerodynamic response to a transverse gust at the leading
edge of the airfoil. However, in the experiments
described herein, the time-variant data are referenced to
the initiation of the data acquisition shaft trigger pulse.
Thus, for consistency with the models, the periodic data
are further analyzed and referenced to a transverse gust
at the leading edge of the first stage rotor blade. This is
accomplished by assuming that: (1) the aerodynamic
forcing function remains fixed in the stationary
reference frame; and (2) the forcing function does not
decay from the rotating hot-wire probe axial location to
the rotor row leading edge plane.

The rotor blade surface unsteady pressure data,
measured with the embedded high response pressure
transducers, are analyzed to determine the harmonics of
the chordwise distribution of the unsteady pressure
coefficient, Cp , and the unsteady pressure difference

coefficient, Cap .  These are defined in Equation 2 and
are specified from the Fourier cocfficients of the
digitized ensemble averaged dynamic pressure
transducer signals.
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pV: (L) B ()
X
CAp = Cp.prcssurc - Cp.sucuon (2b)

. . »
where v* is the first harmonic transverse gust
component, Vx is the mean axial velocity, and B is the
relative mean flow angle in radians.

The final form of the gust generated rotor blade
row unsteady aerodynamic data define the chordwise
distribution of the harmonic complex unsteady pressure
and pressure difference cocfficients. Also included as a
reference where appropriate are predictions from the
transverse gust analysis of Smith (1971). This model
analyzes the unsteady aerodynamics generated on a flat
plate airfoil cascade at zero incidence by a transverse
sust convected with an inviscid, subsonic, compressible
flow.

RESULTS

A series of sxperiments are performed to investigate
and quantify the effects on the unsteady aerodynamic
gust response of the first stage rotor blade iow due to
the detailed variation of the unstcady aerodynamic
forcing function generated by the 1IGV wakes. Forcing
function effects include both the transverse and
chordwise gust components, defined by the ratio of the
amplitudes of the first harmonic streamwise-to-

+ +
transverse gust componems,mﬁl, and the gust
amplitude, defined by the ratio of the tirst harmonic
transverse gust magnitude to mean axial velocity,

+ . . .
P /VJ . The ratio of the streamwisc-to-transverse gust

amplitude, lﬁ'/\;'l, was varied by changing the 1GV
setting angle. The level of steady aerodynamic loading,
characterized by the mean incidence angle, was varicd as
a parameler. The variation in the rotor blade steady
loading was obtained by holding the rotor speed constant
and varying the mass flow rate and, thus, the mean flow
incidence angle to the rotor blade row.

iodi odynamic Forcing Function

Four distinct 36-per-revolution aerodynamic forcin_
functions to the first stage rotor blade row are
generated, characterized by nominal first harmonic
streamwise-to-transverse gust amplitude ratios of 0.29,
0.37, 0.45, and 0.55. The unsteady acrodynamic gusts
generated from the IGV wake first harmonic have
nominal reduced frequency values between 5 and 6.
The Fourier decomposition of these IGV wake
aerodynamic forcing functions o the first stage rotor
row shows a dominant 36-per-rev excitation
fundamental harmonic with smaller higher harmonics.
As the gust amplitude ratio increases, the transverse




harmonic gust amplitudes become smaller while the
streamwise harmonic gust amplitudes become larger
with respect to the mean axial velocity.

Blade Surface Steady Pressures

The effect of steady aerodynamic loading as
characterized by the mean incidence angle on the rotor
blade surface steady pressure coefficient is shown in
Figure 3. The level of steady loading only affects the
steady pressure distribution on the pressure surface over
the front 40% of the chord. On the suction surface, the
steady loading variation has a large effect on the steady
pressure distribution over the entire suction surface.
Also, these data give no indication of suction surface
flow separation. It should be noted that these surface
steady pressure distributions are not affected by the
characteristics of the periodic unsteady aerodynamic
forcing function.

iodi namic Respons

The periodic aerodynamic response of the first stage
rotor blade row to the IGV wake first hurmonic forcing
function are presented in the format of the chordwise
distribution of the complex unsteady pressure coefficient
on the individual rotor blade surfaces as well as the
corresponding complex unsteady pressure difference
coefficient generated by the 36-per-rev IGV wake first
hammonic forcing function, with the steady loading level
as a parameter.

Pressure Surface Unsteady Pressure

The effect of steady aerodynamic loading level on
the IGV wake generated first harmonic complex
unsteady pressure distribution on the rotor blade
pressure surface is shown in Figures 4, 5, 6 and 7 for
nominal streamwise-to-transverse gust amplitude ratios
of 0.29, 0.37, 0.45 and 0.55, respectively. The first

. . . +rn
harmonic gust amplitude, characterized byp v ,J values
of approximately 0.1 is small compared to the mean
axial velocity.

For each gust amplitude ratio value, the form of the
dimensionless unsteady pressure coefficient specified in
Equation 2 results in a compression of the unsteady
pressure magnitude data over the entire pressure surface
for all gust amplitude ratios and all but the two lowest
steady loading levels. For these two loading cases, large
variations are found in the magnitude data in the
neighborhood of the quarter chord, with these variations
decreasing with increasing gust amplitude ratio. This
corresponds to the previously noted effects of steady
loading on the rotor blade surface steady pressure
wherein loading primarily influences the front part of
the pressure surface. Namely, the steady pressure
coefficient value for the rotor drum hub steady pressure
coefficient upstream of the rotor row is approximately -

0.24, thereby indicating that the mean flow ficld
accelerates around the pressure surface leading edge
before decelerating (diffusing) for the two lowest mean
incidence angles, i.e., the steady pressure coclficient
decreases and then increases.

The level of steady loading has only a minimal ctfect
on the pressure surface unsteady pressure phase, the
exception being the two lowest steady loading levels in

the front chord region. Also as rﬁ'ﬂ'| increases, the
decrease in phase in the 25% chord region becomes fess
for the two low steady loading levels, while the three
highest steady loading levels in the front chord region
and all steady loading levels in the aft chord region
remain relatively unaffected by the gust amplitude ratio.

Suction Surface Unsteady Pressures

The effect of steady aerodynamic loading on the
IGV wake generated first harmonic complex unstcady
pressure on the rotor blade suction surface is shown in
Figures 8, 9, 10 and 11 for the four nominal gust
amplitude ratio values.

The unsteady pressure coefficient magnitude on the

entire suction surface is a strong function of the fevel of

steady aerodynamic loading. This corresponds o the
previously presented suction surface steady pressure
data variation with mean incidence angle. For all gust
amplitude ratios, the front-to-mid chord region data
show a decreasing-increasing magnitude trend with
chord, with the minimum magnitude chordwise location
moving forward with increasing steady loading. This
minimum corresponds 1o the minimum in the sicady
pressure chordwise distribution, Figure 5, wherein the
chordwise location of the change from accelerating to
decelerating mean flow moves forward with increasing
mean incidence. Thus, similar to the pressure surtace
unsteady response in the front chord region at negative
mean incidence angle, the unsieady gust interacts with
the accelerating mean flow field around the suction
surface in the front chord region. [n the mid-to-af
chord region, the gust amplitude ratio alters the effect
of steady loading on the chordwise distributions of the
unsteady pressure response. Namely, for the large gust
amplitude ratios, a decreasing-increasing unsicady
pressure magnttude trend with chord occurs, with the
minimum moving forward with increasing steady

loading. Asla'/” decreases, this increasing-decreasing
magnitude trend with chord becomes smoother and the
data increase dramatically in magnitude in the aft half
chord. Thus, for this higher camber suction  surface,
the mean flow field interacts with the unsteady gust over
the entire blade surface, with the gust amplitude ratio
alfecting the response over the aft half of the surtuce.

Nearest to the leading edge, the magnitude data
increase with increasing stcady loading level. As noted
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previously, this steady loading trend is attributed to the
IGV wake first harmonic gust interacting with the mean
accelerating flow field around the blade leading edge.
Hathaway et. al. (1987) have experimentally
demonstrated the interaction of a rotor wake with a
downstream stator row. They found that from
approximately -20% to 10% of the downstream stator
chord, the rotor wake generated unsteady velocity
magnitude increases, with the increase becoming larger
as steady loading increases. This indicates that the wake
generated gust magnitude increases due to the
interaction with the accelerating mean flow field around
the blade leading edge.

With regard to the phase of the unsteady pressure,
the streamwise-to-transverse gust amplitude ratio has
minimal effect, with steady loading primarily affecting
the phase on the aft three quarters of the chord. As the
mean incidence angle is increased from the low loading
level, the chordwise variation of the phase data on the
aft part of the surface becomes linear, with the extent of
this linear distribution increasing with increasing mean
incidence. This linear chordwise distribution indicates
the existence of a wave phenomenon, with a convective
velocity equal to the mean axial velocity through the
blade row (20.5 m/sec). This mean axial velocity wave
phenomenon has been experimentally detected by other
authors, Fleeter, et al. (1980) and Hodson (1984) but is
yet to be physically explained.

Summarizing these blade surface steady loading and
gust amplitude ratio effects, for the low camber
pressure surface in the chordwise region where the
mean flow field does not accelerate, i.e., the mid-to-aft
chord region for all steady loading levels and the front
chord region for the three high steady loading levels,
the data compress for all gust amplitude ratios,
indicating that steady loading as characterized by the
mean flow incidence is a key mechanism for the low
camber unsteady aerodynamic wake response.
tHowever, in an accelerating mean flow field, i.e., the
front chord region for the two low steady loading
levels, mean flow field interactions with the unsteady
gust are also important. As the gust amplitude ratio
increases, this interaction lessens. On the higher camber
suction surface, the interaction between the mean flow
field and the unsteady gust affects the unsteady
aerodynamic response over the entire blade surface for
all steady loading levels and streamwise-to-transverse
gust amplitude ratios. Also, the gust amplitude ratio has
a iarge effect on these interactions over the aft haif of
the blade surface.

Unsteady Pressure Differences

the steady loading effect on the first harmonic of
the complex unsteady pressure difference across the
rotor blade camberline is shown in Figures 12, 13, 14
and 15 for the nominal streamwise-to-transverse gust
amplitude ratios of 0.29, 0.37, 0.45 and 0.5,
respectively. Also presented as a reference are the flat

plate cascade, inviscid, transverse gust predictions of
Smith (1971) and Whitehead (1987).

The effects of steady loading on the previously
presented individual pressure and suction surface
magnitude and phase data are still apparent, with the
suction surface effects being dominant. For example,
analogous to the high gust amplitude steady loading
trends on the suction surface for the high gust amplitude
ratio, the unsteady pressure difference magnitude data
show two decreased magnitude regions, one in the front
chord region and the other in the mid-to-aft chord
region, with the chordwise location ot the magnitude
minima moving forward with increased steady loading,.
Also, the chordwise location where the rapid increase in
value of the phase data begins to occur moves forward
with increasing steady loading similar to the suction
surface, whereas for the low steady loading level, the
phase decreases sharply at 25% rotor chord per the
pressure surface trends. Similar to the steady loading
rends in the suction surface aft chord region, as the gusi
amplitude ratio decreascs, the magnitude data increase.

These steady loading effects cause the chordwise
distribution of the unsteady pressure ditference
magnitude and phase data o differ greatly from the flat
plate cascade predictions, with the magnitude data not
just decreasing with increasing chord and the phase data
not remaining nearly constant with cbord per the
predictions. The lowest steady loading tevel, which
most closely approximates the prediction model no
loading condition, shows fair comparison with the
magnitude data except in chord regions where strong
gust interactions with the steady flow field occur, i.e..
the pressure surface interaction at 25% chord and the
suction surface interaction in the aft chord. The
prediction differs from the phase data by approximately
90 degrees over the entire blade except, once again, in
the 25% and aft chord region.

LAf lj

The previous results considered the periodic
aerodynamiic response of the first stage rotor blade row
to relatively small amplitude IGV wake first harmonic
gusts, with the ratio of the transverse gust 1o mean axial
velocity on the order of 0.1. The effect of larger

amplitude gusts, W*/V| on the order of 0.3, on the blade
surface unsteady pressure response, including the effect
of steady loading, are presented in Figures 16 and 17,
where the effect of operation at the five nominal steady
loading levels is also included. In particular, these
figures present the chordwise distribution of the
complex unsteady pressure coefficient on the pressure
and suction surfaces generated by large amplitude 36-
per-rev IGV wake first harmonic forcing functions.

The effect of the larger amplitude gusts on the
pressure surface unsteady pressure response is
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demonstrated by comparing the high amplitude gust
generated response with that resulting from the low
amplitude gust of the same nominal strcamwise-to-
transverse gust amplitude ratio value, Figures 5 and 16.
Nearly identical unsteady pressure magnitude and phase
responses are shown for both gust amplitudes except in
the 25% chord region for the lowest two mean flow
incidence angles. In this front chord region at negative
mean flow incidence, the interaction between the
accelerating mean flow field and the unsteady gust is
weaker for the larger amplitude gust, as evidenced by
the decrease in the magnitude and phase variation.

The effect of large amplitude gusts on the suction
surface unsteady pressure response is seen by comparing
the high and low amplitude gust generated response for
equivalent gust amplitude ratio values, Figures 9 and 17.
The phase data are unaffected by the gust amplitude,
with the steady loading effect on the phase chordwise
distributions being nearly equivalent. tlowever, the
magnitude data are greatly affected by the gust
amplitude, particularly over the aft three quarters of the

surface. The high amplitude gust magnitude data are
greatly decreased compared to the low amplitude gust
magnitude data, with the steady loading effect being
greatly reduced. Thus, similar to the pressure surface
front chord region at negative mean flow incidence, the
interaction of high amplitude gusts with the meun flow
is weaker than the interaction of low amplitude gusts
with the mean flow.

SUMMARY AND CONCLUSIONS

The rotor blade row fundamental unsteady
aerodynamic flow physics generated by periodic wakes
were investigated at realistic values of ihe reduced
frequency. In particular, the effects of the detailed
unsteady aerodynamic forcing function, including both
the transverse and chordwise first harmonic gust
components and the gust amplitude, as well as steady
aerodynamic loading on the unsteady aerodynamic gust
response of the first stage rotor blade row were
investigated and quantified. This was accomplished by
means of a series of experiments performed in an
extensively instrumented axial flow research
compressor.

The rotor blade surface steady loading distributions
were quantified with surface static pressure taps and a
rotor-based Scanivalve system. The aerodynamic
forcing function to the rotor blade row was determined
with a rotating cross hot-wire probe, with the
aerodynamic gust generated rotor blade surface
unsteady pressure chordwise distributions mcasured
with embedded ultra-miniature high response dynamic
pressure transducers.
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The detailed IGV wake gencrated unsteady
aerodynamic results of these experiments are
summarized in the following.

“orci Cti

* The IGV wake forcing function shows 2
dominant 36-per-rev, with smaller higher hurmonic
content.

Blade Surface Sieady Pressures

* Steady loading affects the stecady pressure
distribution on the front portion ol the blade
pressure surface and over the entire suction
surface.

* The unsteady gust amplitude ratio and magnitude
have negligible cffect on the steady pressun
distribution.

Pressure Surface Response

* The unsteady pressure phase data are necarly
independent of the steady loading level and the gust
amplitude ratio except in the front chord region at
negative mean flow incidence.

* The sclected unsteady pressure
nondimensionalization compresses the magnitude
data with regard to mean flow incidence angle tor
cach gust component amplitude ratio except i the
tront chord region for negative mean flow
incidence.

* Increasing the gust amplitude ratio results in
weaker interactions between the mean and unsteady
flow fields in the front chord region o negative
mean flow incidence.

* Large amplitude gusts reduce this interaction
between the unstecady gust and the accelerating
mean flow field.

* The magnitude of the unsteady pressure response
on the blade pressure surface, i.c., the low camber
surface, is thus primarily affected by the level of
steady loading as characterized by the mean flow
incidence angle except in the accelerating mican
flow field of the front chord region at negative
mean flow incidence.

Suctio face Respons

* The unsteady pressurc phase data arc ncarly
independent of the gust component ampiitude ratio,
with increased mean incidence resulting in a lincar
chordwise distribution which corresponds to a wave
phenomenon convected at the mean axial velocity of
the flow through the rotor blade row.




* The selected unsteady pressure
nondimensionalization does not compress the
magnitude data with regard to mean flow incidence
angles.

* The mid-to-aft chord magnitude data are a
strong function of the gust amplitude ratio, with the
increase in magnitude with increasing steady
loading becoming smaller with increasing gust
amplitude ratio.

* Large amplitude gusts reduce these mean flow
field interactions with the unsteady gust, similar to
the pressure surface.

* The magnitude of the unsteady pressure response
on the blade suction surface, i.e., the higher camber
surface, is thus affected by both the steady flow
field interactions and the gust amplitude ratio.

Unsteady Pressure Difference Response

* The unsteady pressure difference data reflect the
effects of loading on the pressure and suction
surface unsteady data, with the suction surface
effects being dominant.

* These steady loading effects cause the chordwise
distribution of the magnitude and phase data to
differ greatly from the flat plate cascade
predictions.

* The lowest steady loading level data was
correlated with flat plate cascade predictions, with
the unsteady aerodynamic response correlation
being fair.
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Table 1. Overall airfoil and compressor
characteristics
ROTOR STATOR 1Gv
Airfoil type C4 C4 4
[Number of Airfoils 43 3 36
Chord, C (nun) 30 W 0
Salidity, C/S 114 19 096
Caber, 6 B0 2.7 ny
Stagper Angle. Y 360 360 210
Inict Metal Angle, 3y $0.0 300 ({11
Aspect Ratio 20 20 20
‘Thickness/Chod (%) 100 1y 10.0
Flow Rate (kg/s) 2
Design Axial Velociy (nys) 244
Design Rotational Spued (RI'M) 2250
Number of Stages 3
Vesign Stage Pressure Ratio [
nfet Tip Diameter (mum) 120
Hul/Tip Radius Ratio a7t4
Siage Elficiency (%) 85
INLET FLOW
MR ET Gk
VANE HOW

-~

Figure 1.

v+

ROTOR ROW

\ \ ' \ stsue

Schematic of IGV wake generated transverse
and streamwise unsteady velocities, ut aad
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Figure 14. Steady loading effect on blade unsteady
pressure difference response for a nominal
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Viscous Aerodynamic Analysis
of an Oscillating Flat-Plate Airfoil

Linda M. Schroeder*® and Sanford Fleetert
Purdue University, West Lafayette, Indiana

Abstract

ONSIDERABLE progress has been made in the predic-

tion of the unsteady aerodynamics of oscillating airfoils.
The<e analyses are typically limited to inviscid potential flows,
with the unsteady flow assumed to be a small perturbation to
the mean flow and the Kutta condition imposed. By consider-
ing the airfoils to be zero-thickness flat plates at zero mean
incidence, the steady and unsteady flowfields are uncoupied,
with the steady flow being uniform and parallel.

In this paper, an analysis is developed that models the
unsteady aerodynamics of an harmonically oscillating flat-
plate airfoil. including the effects of mean flow incidence
angle, in an incompressible laminar flow at moderate values of
the Reynoids number. The unsteady viscous flow is assumed
to be a smail perturbation to the steady viscous flowfield. The
ncauniform and nonlinear steady flowfield is described by the
Navier-Stokes equations and is independent of the unsteady
flow. The s;mall-perturbation unsteady viscous flow is de-
scribed by a system of linear partial differential equations that
are coupled to the steady flowfield, thereby modeling the
strong dependence of the unsteady aerodynamics on the
steady flow. Solutions for both the steady and unsteady vis-
cous Nowfields are obtained by a locally analytical method in
which the discrete algebraic equations representing the flow-
field equations are obtained from analytical solutions in indi-
vidual local grid elements.

The locally analytical method for steady two-dimensional
fluid 1low and heat-transfer problems was initially developed
by Chen et ai.'? They have shown that it has several advan-
tages over finite-difference and finite-element methods, in-
¢luding being less dependent on grid size, with the system of
dlgebraic equations relatively stable. Also, since the solution is
analytical, it is differentiable and is a continuous function.

Contents

For harmonic time dependence at a frequency w, the nondi-
mensional continuity and Navier-Stokes equations in terms of
the sorticity ¥ and the stream function ¢ are

vz?" ?zx + f'yy = R!(kf’, + ﬁ?r + U?y) (1a)
V=~ (1b)

where { = p, ~a,, & =y,, 0= ~{,, Re = U,C/vdenotes the
Reynolds number based on the airfoil chord, and k = wC/Ua
B the reduced frequency.
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The equations describing the steady and unsteady viscous
flows are determined by decomposing the flowfield into steady

and smali-perturbation harmonic unsteady components. For -

the unsteady flow, the second-order terms are neglected as
small compared to the first-order terms.

The coupled nonlinear partial differential equations de-
scribing the steady flowfield are independent of the unsteady
flow as shown in Eq. (2). The vorticity equation is nonlinear,
with the stream function described by a linear Poisson equa-
tion that is coupled to the vorticity equation through the
vorticity source term. The pressure also is described by a linear
Poisson equation, with the source term dependent on the
steady flowfield,

Vi =Re(Ut, + V) (22)
v2¢ - _; (Zb)
VP = ~2AUV, - V:U,) (20)

where U and V are the steady chordwise and normal velocity
components.
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The coupled linear partial differential equations describing
the unsteady harmonic flow(ield are given in Eq. (3). The
unsteady flow is coupled to the steady flowfield. In particular,
in both the unsteady vorticity transport and pressure equa-
tions, the coefficients are dependent on the steady flowfield
with the unsteady stream function coupled to the solution for
the unsteady vorticity.

V3 = Re(kit + Uk, + Vi, + uf, +vl,) (3a)
VY= —¢ (3b)
Vip = =2{(u,V, + v,U,) - (U, + u,V,)} (3¢)

wherei =V =1 , and v and v denote the unsteady perturbation
chordwise and normal velocity components.

The steady flow boundary conditions specify no slip be-
tween the fluid and the surface and that the velocity normal to
the surface is zero. For the unsteady flow, the velocity of the
fluid must be equal to that of the surfaces and the unsteady
chordwise velocity component must satisfy a no-slip boundary
condition. For a flat-plate airfoil, executing small-amplitude
harmonic torsion mode oscillations about an elastic axis loca-
tion at x,, measured from the leading edge, the linearized
normal velocity boundary condition in Eq. (4) is applied on
the mean position of the oscillating airfoil,

v(x, 0) = alik (x — x0) + U,)e* C))

where a is the amplitude of oscillation.

Locally analytical solutions for the unsteady and steady
viscous flowfields then are developed. In this method, the
discrete algebraic equations that represent the aerodynamic
equations are obtained from analytical solutions in individual
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Jocal grid elements. This is accomplished by dividing the flow.
field into computational grid elements. In each eiement, the
nonlinear convective terms of the steady Navier-Stokes equa.
tions are locally linearized. The nonlinear character of the
steady flowfield is preserved as the flow is only locally lin.
earized, that is, independently linearized in individual grid
elements. Analytical solutions to the linear equations describ.
ing both the steady and unsteady flowfieids in each elemem
then are determined. The solution for the complete flowfield
is obtained through the application of the global boundary
conditions and the assembly of the locally analytic solutions,

This unsteady viscous flow model and locally analytica)
solution are used to investigate the effects of Reynolds num.
ber, mean flow incidence angle, and reduced frequency on the
unsteady aerodynamics of an harmonically oscillating airfoil.
Predictions are obtained on a 50 x 35 rectangular grid with
Ax = 0.025 and Ay = 0.025 and 21 points located on the .ir-
foil. The convergence criteria for the stream function itera.
tions are both 107¢, with the vorticity tolerance being
5 x 10-2, The tolerances for the pressure iterations are 10-¢
and 10-3 for the internal and external iterations, respectively,
The computational time averaged 440 CPU on the Cyber 205,
with an average of 160 iterations for the stream function and
vorticity solutions and an additional 160 iterations for the
pressure solution.

The chordwise distributions of the complex unsteady pres-
sure on the individual surfaces of an oscillating airfoil at
four degrees of incidence and a Reynolds number of '000
is presented in Fig. 1. The corresponding classical ins:scid
Theodorsen prediction? is also shown. Viscosity has a large
effect on the complex unsteady surface pressures, particularly
the real part, over the front part of the airfoil. In particular,
one difference between the two solutions is that the viscous
solution is finite at the leading edge, whereas the inviscid
solution is singular.

The torsion mode flutter stability of an airfoil is determined
by the imaginary part of the unsteady aerodynamic moment in
Eq. (5). Thus, Fig. 2 shows the airfoil stability as a function of
the elastic axis location, with the reduced frequencv as
parameter at a Reynolds number of 1000 for an incic snce
angle of 4 deg, together with Theodorsen's inviscid zero ing-
dence results. Viscous effects are seen to generally decrease the
relative stability of the airfoil at all elastic axis locations, with
the largest relative decrease in airfoil stability associated with
the lower reduced frequency:

\
jo(plm = Pupper (X — Xg) dx
YpCiU%*x

M

Cn = Ty

(4]
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Abstract—A mathematical model is developed to predict the unsteady aerodynamics of a flat plate airfoil
exccuting harmonic torsional motion in an incompressible laminar flow at moderate values of the
Reynolds number. The unsteady viscous flow is assumed to be a small perturbation to the stcady viscous
flow described by the Navier-Stokes equations. Solutions for both the steady and the unsieady viscous
flow fields are obtained by developing locally analytical solutions. This model is then utilized to
demonstrate the effects of Reynolds number, mean flow incidence angle and reduced frequency on the
complex unsteady airfoil surface pressure distributions as well as airfoil stability.

NOMENCLATURE
C,, = Imaginary component of lift coefficient Xo = Elastic axis location
C,, = Real component of lift coefficient x = Coordinate in the mean flow direction
C,, = Imaginary component of moment coefficient y = Coordinate in the normal flow direction
C . = Real component of moment coefficient Ax = Step size in the x direction

k = Reduced frequency Ay = Step size in the y direction
p = Dimensionless unsteady pressure a’ = Amplitude of airfoil oscillation
P = Dimensionless steady pressure ¥ = Nondimensional unsteady stream function

Re = Reynolds number . ¥ = Nondimensional steady stream function
u = Nondimensional unsteady velocity in the x direction ¢ = Nondimensional unsteady vorticity

U = Nondimensional steady velocity in the x direction { = Nondimensional steady vorticity

U, = Magnitude of free-stream velocity w = Frequency of oscillation

v = Nondimensional unsteady velocity in the y direction

INTRODUCTION

Considerable progress has been made in the prediction of the unsteady aerodynamics of oscillating
airfoils. These analyses are typically limited to inviscid potential flows, with the unsteady flow
assumed to be a small perturbation to a uniform mean flow and the Kutta condition imposed on
the unsteady flow field. By considering the airfoils to be zero thickness flat plates at zero mean
incidence, the steady and unsteady flow fields are uncoupled, with the steady flow being uniform
and parallel.

Unsteady aerodynamic analyses have been developed which include the effects of viscosity,
thereby removing the need for the Kutta conditions. Yates [1] formulated an incompressible viscous
flat plate airfoil theory with a zero thickness boundary layer. Also, the low Recynolds number
incompressible Oseen flow model has been used to calculate zero incidence oscillating flat plate
aerodynamics [2, 4]. These analyses utilize classical acrodynamic solution techniques, resulting in
integral equation solutions. Although such classical models and solution techniques are of value,
advanced numerical techniques permit the flow physics modeling to be extended. In this regard,
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§Professor and Director, Thermal Sciences and Propuision Center.
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unsteady viscous flow models are being developed which march in time, with one primary interest
being the patterns of the unsteady flow [e.g. 4-6].

In this paper, an analysis is developed which models the unsteady aerodynamics of an
harmonically oscillating flat plate airfoil, including the effects of mean flow incidence angie, in an
incompressible laminar flow at moderate values of the Reynolds number. The unsteady viscous flow
is assumed to be a small perturbation to the steady viscous flow field. Hence, the Kutta condition
is not appropriate for either the steady or the unsteady flow fields. The steady flow field is described
by the Navier-Stokes equations. It is thus nonuniform and nonlinear. Also, the steady flow field
is independent of the unsteady flow field. The small perturbation unsteady viscous flow is described
by a system of linear partial differential equations that are coupled to the steady flow field, thercby
modeling the strong dependence of the unsteady aerodynamics on the steady flow. Solutions for
both the steady and the unsteady viscous flow fields are obtained by developing a locally analytical
method in which the discrete algebraic equations which represent the flow field equations are
obtained from analytical solutions in individual local grid elements.

The concept of locally linearized solutions was applied to the problem of the steady inviscid
transonic flow past thin airfoils by Spreiter and Alksne [7, 8] and subsequently extended to
oscillating airfoils by Stahara and Spreiter {9]. The locally analytical method for steady two-
dimensional fluid flow and heat transfer problems was initially developed by Chen et al. [10-12]
and extended to unsteady inviscid airfoil and cascade flow fields by Chiang and Fleeter [13]. Chen
has shown that this method has several advantages over the finite differences and finite element
methods. For example, it is less dependent on grid size and the system of algebraic equations is
relatively stable. Also, since the solution is analytical, it is differentiable and is a continuous
function in the solution domain. The disadvantage is that a great deal of mathematical analysis
is required before programming.

MATHEMATICAL MODEL

The two-dimensional flow past an isolated airfoil is schematically depicted in Fig. 1, which aiso
defines the cartesian x-y coordinate system. For harmonic time dependence at a frequency w, the
nondimensional forms of the continuity and Navier-Stokes equations are given by

. +0,=0, (la)
kd, + ai, + 0a, = —p, + (., + 4,,)/Re (1b)

and
kv, + v, + 06, = ~p,+ (0, + 5,,)/Re, (Ic)

where Re = U_C/v denotes the Reynolds number, and k = wC/U,, is the reduced frequency.
There are three dependent variables, the two velocity components and the pressure. To reduce
the number of dependent variables, a vorticity, {, stream function, ¢, formulation is utilized:

Vi = (o +(, = Re(k{, + al, + () (2a)
and
v =-{ (2b)
where

{=6,-d, and u=y, i=-¢,

Unsteady small perturbation model

For a flat plate airfoil executing small-amplitude harmonic oscillations, the flow field is
decomposed into steady and harmonic unsteady components, with the unsteady component
assumed to be a small perturbation to the steady component:

{(x,p, 1) = {(x,y) +e"&(x, »), (3a)
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Vix, y. 1) = ¥(x,p) + " (x, ), (3b)
i(x,y, t) = U(x, y) + e‘u(x, y), 3¢)
o(x, p, 1) = V(x,y) +ev(x, p) (3d)
and
b(x,p,1)=P(x,y) + ¢ p(x, y), (3e)
where

<, y«¥ uxU vV, p«P

The equations describing the steady and unsteady viscous flow ficlds are determined by
substituting equations 3(a—¢) into equations 2(a, b), and grouping together the time-independent
and the time-dependent terms. For the unsteady flow, the second-order terms are neglected as small
compared to the first-order terms. Also, as the linearized unsteady flow is assumed to be harmomic,
the exp(ir) is dropped, for convenience.

The resulting coupled nonlinear partial differential equations describing the steady flow field,
equations 4(a—c), are independent of the unsteady flow. The vorticity equation is nonlinear, with
the stream function described by a linear Poisson equation which is coupled to the vorticity
equation through the vorticity source term. The pressure is also described by a linear Poisson
equation, with the source terms dependent on the steady flow field:

V¥ =Re(U, + VL), (4a)
VY =~ (4b)
ViP=-2(UV,-VU,). (4c)

The resulting coupled linear partial differential equations describing the unsteady harmonic flow
ficld are given in equations 5(a—c). The unsteady flow is coupled to the steady flow field. In
particular, in both the unsteady vorticity transport and pressure equations, the variable coefficients
are dependent on the steady flow field with the unsteady stream function coupled to the solution
for the unsteady vorticity:

V¥ = Re(kié + U, + VE, +ul, + (), (5a)

Vi = —¢ (5b)
and

Vlp = -2V, +o,U,) -, U, +uV) (5¢)

Steady flow boundary conditions

The steady flow boundary conditions specify no slip between the fluid and the surface and that
the velocity normal to the surface is zero. In terms of the stream function and vorticity, these
boundary conditions are specified by

¥ = const on solid surfaces (6a)
and
{=-U=-¥, onsolid surfaces. (6b)

Unsteady flow boundary conditions

The unsteady boundary conditions require that the velocity of the fluid is equal to that of the
surfaces. For a flat plate airfoil executing small-amplitude harmonic torsion mode oscillations
about an elastic axis located at x,, measured from the leading edge, the linearized normal velocity
boundary condition is applied on the mean position of the oscillating airfoil, and is given by

v(x, 0) = a’[ik(x — x,) + Up)e*, ™

where a’ is the amplitude of oscillation.
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The fluid is viscous. Thus the unsteady chordwise velocity component must satisfy the nonslip
boundary condition,

u(x,0)=0. (8)

LOCALLY ANALYTICAL SOLUTIONS

The locally analytical solutions for the unsteady and steady viscous flow fields are now
developed. In this method, the discrete algebraic equations which represent the aerodynamic
equations are obtained from analytical solutions in individual local grid elements. This is
accomplished by dividing the flow field into computational grid elements. In each individual
element the nonlinear convective terms of the Navier-Stokes equations which describe the steady
flow are locally linearized. The nonlinear character of the steady flow field is preserved as the flow
is only locally linearized, that is, independently linearized in individual grid elements. Analytical
solutions to the linear equations describing both the steady and the unsteady flow fields in each
element are then determined. The solution for the complete flow field is obtained through the
application of the global boundary conditions and the assembly of the locally analytic solutions
in the individual grid elements.

Steady Flow Field

Steady vorticity

The steady vorticity transport is described by equation (4a) which is nonlinear because of the
convective terms U, + V{,. These terms are locally linearized by assuming that the velocity
components U and V, which are the coefficients of the vorticity, are constant in each individual
grid element, i.e. locally linearized:

2A 2B
U=—, V=—, 9
Re Re ©
where A and B are constants in an individual grid element, taking on different values in each grid
element. The resulting locally lincarized vorticity equation is

2A{, +2B(, ={. +{,,. (10)

This locally linearized equation can be solved analytically to determine the vorticity, {, in a grid
clement, thereby providing the functional relationships between the vorticity, {, in an individual
grid element and the boundary values specified on that grid element. This vorticity transport
equation is elliptic. Therefore, to obtain a unique solution for the typical uniform grid element with
center (x,, yo), Fig. 2, boundary conditions must be specified on all four boundaries. These
boundary conditions are expressed in an implicit formulation in terms of the nodal values of the

¥y
Ueo P
L' 7Y
Ay O
Ven
Ueo
‘o
Fig. 1. Flow field schematic. Fig. 2. Typical computational grid element.
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vorticity along the boundaries of the element. A second-order polynomial is used to approximate
the vorticity on each of the boundaries:

{(x, yo+ Ay) = ajf + ajx + ajx?, (11a)

{(xo + Ax, y) = bi + biy + biy?, (11b)

{(x, yo— Ay) = cf +cix +cix?, (lic)
and

{(xo — Ax, y) =df + diy +diy’, (11d)

where af, bf, ¢] and d} are constants determined from the three nodal points on each boundary
side and the x and y distances are all measured from the center of the element (xq, yo).

The analytical solution to equation (10) subject to the boundary conditions (11a—d) is determined
by separation of variables:

A=

{(x,y) =4+ Y {[Bf, sinh(E,,x) + B}, cosh(E,,x)]sin(1{,(y + Ay))
A= |

+ (B!, sinh(E,y) + BS, cosh(E,,y)lsin(1§,(x + Ax))}. (12)

Steady stream function

The locally analytical solution for the stream function is obtained by a procedure analogous to
that used for the vorticity. First, the flow region is subdivided into computational grid elements.

The stream function is described by a linear Poisson equation which is coupled to the vorticity,
equation (4b). This stream function Poisson equation is also elliptic. Therefore, to obtain a unique
analytical solution for the typical grid element, continuous conditions must be specified on all four
boundaries. As for the vorticity transport equation, continuous boundary conditions are repre-
sented in an implicit formulation in terms of the nodal values of the stream function by
second-order polynomials in x or y as measured from the clement center (x,, y,):

P(x, yo + Ay) = al + af x + afx?, (13a)

¥(x, + Ax, y) = bf + bfy + bfy?, (13b)

¥(x, yo— Ay) =cf +cfx +cfx? (13¢)
and

P(xo— Ax, y) = dt +diy +d¥y>, (13d)

where af, b?, ¢! and df are constants determined from the three nodal points on each boundary
side.

The stream function equation is linear and possesses a nonhomogeneous term, ~{(x, y), which
couples the stream function to the vorticity. To solve equation (4b) subject to the boundary
conditions (13a—d), it is divided into two component problems. One problem has a homogeneous
equation with nonhomogeneous boundary conditions, whereas the second probiem has a non-
homogeneous equation with homogeneous boundary conditions:

Y=+ P (14)
Problem |:
Viyr=(
¥i(x, yo + Ay) = af + af x + af x?
PHx,+ Ax,y) = bf + by + b x?
Po(x,yo— Ay)=ct +cfx +cfx?
P (x - Ax, y,) =df +dfy +dfy’. (15)

MCM 12.6-M
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Problem 2:
Vit = —{(x,y)
¥x,+A4x,y)=0
¥i(x, - Ax,y)=0
Yx, yo+Ay)=0
Yo(x, y, — Ay) = 0. (16)

The solutions for ¥* and ¥* are then determined by separation of variables:

LX)

¥(x,y)= Z. {(BY, sinh(1},x) + BY, cosh(4},x)lsin(A},(y + Ay))

+ [BY, sinh(4%,y) + B%, cosh(i¥,))]sin(14.(x + Ax))
+[GL sinh(44,y) + GY, cosh(4%,y) + G, + GL.y + GY.»’]
xsin(4%,(x + Ax))}. (17

Steady velocity and pressure

The stream function is continuously differentiable across the grid element. Hence the U and V
velocity components can be obtained analytically by differentiating the stream function solution.
The solutions for ¥, {, U and ¥ are then used to determine the pressure in the flow field and on
the boundaries. Thus, the locally analytical solutions for the velocity components and the pressure
are performed as post processes.

Unsteady Flow Field

Unsteady vorticity

The unsteady vorticity is described by a linear partial differential equation with nonconstant
coefficients, equation (5a). In particular, the unsteady perturbation velocity coefficients u and v vary
across the typical computational grid element. However, the steady velocity coefficients U and V
are known from the previously determined steady-state solution and are constant in the typical grid
element, as specified in equations 4(a—c).

To determine the locally analytical solution to the unsteady perturbation vorticity equation, it
is approximated as a constant coefficient partial differential equation in individual grid elements.
This is accomplished by assuming that the perturbation velocities ¥ and v are constant in each
clement:

2A° 2B’
u= i—c'v V= _R: » (‘8)
where A’ and B’ are constant in each individual grid element, taking on different values in different
grid eclements.

Thus, the following linecar constant coefficient partial differential equation defines the unsteady

perturbation vorticity in an individual computational grid element:

k-i-Reé +2A¢, +2BE, + (2A[, + 2B, ) = &, +¢&,,. (19)

To determine the analytical solution in the typical grid element, equation (19) is rewritten as
follows:

-(ZACX + 28{7) + cu + cyy = S(x) }')' (20)
where
S(x,y) = A'(, + 2B[, + k-Re-id).
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It is then transformed to an homogeneous equation by the following change in the dependent

variable:
B
S (Ax + X)’)
() =8 p)+ ——x
A AT+ —
(r+ A)
The resulting homogeneous equation is

Vi =2A0 +2B(,. 2

This equation is of the same form as that for the steady linearized vorticity, equation (10). Thus,
the solution for { is obtained in a manner exactly analogous to that for the steady vorticity, {, and
is given by

{(x0, y0) = 2:(xo + Ax, yo + Ay){ (X + Ax, yo + Ay)

+2)(%o + A%, yo) { (X + Ax, y,)

+23(xp + Bx, yo — Ay){ (xo + Ax, yo — Ay)

+2,(xq, Yo — AY) (Xo, yo — Ay)

+24(xo — AX, yo — Ay){ (xo — Ax, y, — Ay)

+24(xo — AX, ¥0){ (xo — Ax, y,)

+2:(xo — Ax, yo + Ap){(xy — Ax, yo + Ay)

+24(xq, yo + 4y){(0, Ay), (22)

where the coefficients z, are dependent on the steady-state velocity components, U and V.

Unsteady stream function
The unsteady stream function is described by equation (5b). This equation is identical to that
for the steady stream function, equation (4b). Hence, the solution procedure is identical to that
for the steady stream function. As the coefficients for the stream function are only a function of
their position in the grid element, i.c. Ax and Ay, the unsteady coefficients remain the same as those
found previously for the steady stream function ¥ (x,, yu). Thus, the solution for the unsteady
stream function is determined from the steady stream function solution, equation (17), by replacing
¥ by ¢ and the steady vorticity { by the unsteady vorticity §. The algebraic equation for the value
of the unsteady stream function at the center of the typical element in terms of the values of the
unsteady stream function and vorticity at its eight neighboring values is given by
¥ (X0, ¥o) = pYY (xo + AX, yo + By) + pYY (X, + Bx, yy)

+pY¥(xo + Ax, yo — Ay) + pY(xo, Yo — Ay)

+p8W (% — Ax, yo — Ay) + e (x, — Ax, o)

+p3Y (xo — Ax, yo + Ay) + pY¥ (xo, yo + Ay)

+qt&(xy + Ax, yo + Ay) + g (xp + Ax, yy)

+q3E(xo + Ax, yo — By) + ¢4 ¢ (xo, Yo — Ay)

+q8¢(xo— Ax, yo — Ay) + g} §(xo — Ax, y,)

+938(xo — Ax, yo + Ay) + g1 § (X0, yo + Ay)

+ 43¢ (x0,30)- (23)

Unsteady velocity and pressure

The unsteady velocity components u and v are determined by differentiating the unsteady stream
function, with the locally analytical solution for the unsteady pressure determined by a post
process.
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RESULTS

The small perturbation unsteady viscous flow model and locally analytical solution are utilized
to investigate the effects of Reynolds number, mean flow incidence angle and reduced frequency
on the unsteady aerodynamics of a harmonically oscillating airfoil. These results are presented in
the form of the unsteady pressure distributions on the surfaces of the oscillating airfoil and the
complex unsteady acrodynamic lift and moment coefficients, defined below:

cmt
_ L =J:- o(plom_pwpu)dx
LocU%k?n lpcUK'n

C.

(24a)

and

M cmo (Plam_Pm)(x _xu)dx

= DU~ ocU%n

Predictions are obtained on a 50 x 35 rectangular grid with Ax =0.025 and Ay = 0.025.
Twenty-one points are located on the flat plate airfoil. The convergence criteria for the internal
and external iterations for the stream function are both 10~¢, with the vorticity tolerance being
5-1072. The tolerances for the pressure iterations are 10-¢ and 10~ * for the internal and external
iterations, respectively. The computational time averaged 440 CPU on a Cyber 205, with an average
of 160 iterations for the solutions of the stream function and vorticity and an additional 160
iterations for the pressure solution.

&Y

(24b)

10 Re=%500 i=0°
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Fig. 3. Unsteady airfoil surface pressure for Re = 500 and 0° incidence.
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Fig. 8. Variation of the imaginary aerodynamic moment
coefficient with the elastic axis for Re = 500 and 0"
incidence.
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Fig. 9. Variation of the imaginary aecrodynamic moment
coeiidcient with the elastic axis for Re = 1000 and 0
incidence.

The chordwise distributions of the complex unsteady pressure on the individual surfaces of an
oscillating airfoil at 0°, 4° and 8° of incidence and Reynolds numbers of 500 and 1000 are presented
in Fig. 3-7. The corresponding classical inviscid Theodorsen predictions {14] are also shown.

Viscosity is seen to primarily affect the complex unsteady surface pressures over the front and
rear portions of the airfoil. It should be noted that one essential difference between the two
solutions is that the viscous one is finite at the leading edge, whereas the inviscid solution is singular.

Increasing the Reynolds number from 500 to 1000 results in a small increase in the absolute
magnitude of the complex unsteady pressures on the front part of the airfoil surface. For nonzero
incidence angle values, neither the real nor the imaginary components of the chordwise unsteady
pressure distributions are symmetric, with this nonsymmetry increasing with increasing incidence
angle. Also, as the incidence angle is increased, the pressure difference between the two airfoil
surfaces at the trailing edge is increased.

The torsion mode flutter stability of an airfoil is determined by the imaginary part of the
unsteady aerodynamic moment if there is no mechanical damping. Thus, the effects of incidence
angle, Reynoids number and reduced frequency on the imaginary part of the moment coefficients
are considered in Figs 8~11 together with Theodorsen’s inviscid zero incidence results. In particular,
these figures present the imaginary part of the unsteady aerodynamic moment coefficient as a
function of the elastic axis location, with the reduced frequency as parameter at Reynolds numbers
of 500 and 1000 for incidence angles of 0° and 4°. Also, the effects of Reynolds number and
incidence angle on the complex unsteady aerodynamic lift and moment on an airfoil with a
quarter-chord clastic axis location are presented in Table 1.

In this inviscid, incompressible flow field, the minimum relative stability is found when the clastic
axis is located in the mid to aft chord region of the airfoil. As the reduced frequency is increased
from 1.0 to 2.4, the relative stability of the airfoil is decreased, with the location of the elastic axis
for minimum relative stability moving aft with increasing values of the reduced frequency.

Viscous effects are seen to generally decrease the relative stability of the airfoil at all clastic axis
locations at both 0° and 4° of incidence. The largest relative decrease in airfoil stability is associated
with the lower reduced frequency value. Also, increasing the Reynolds number from 500 to 1000
results in a decrease in the relative airfoil stability. In fact, at zero incidence, the airfoil becomes
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Table |. Unsteady serodynamic lift and moment coefficieats for x., = 25%

and k = [.6
Lift Moment
Cu Cu Cu Cu
Theodorsen ~1.523 =2.2N +0.375 -1.25
Viscous solver, a = 0~
Re = 500 -0.375 ~1.680 0.602 -0.868
Re = 1000 ~-0.433 -1.7135 0.593 -0.929
Viscous solver, a = 4~
Re = 500 -0.419 —-1.687 0.517 -0913
Re = 1000 -1.002 -1.462 -0.024 -0.741
Viscous solver, a = 8"
Re = 500 -0.438 —1.568 0.400 -0.908

unstable for all reduced frequency values with an elastic axis located at 75% chord at a Reynolds
number of 1000. Increasing the value of the incidence angle results in an increase in the relative
stability of the airfoil. However, at a Reynolds number of 1000 with an elastic axis at 75% chord,
the airfoil is still unstable at a reduced frequency value of 1.0, the lowest value considered.

SUMMARY AND CONCLUSIONS

A mathematical model has been developed to predict the unsteady aerodynamics of a flat plate
airfoil executing harmonic torsional motions in an incompressible laminar flow at moderate values
of the Reynolds number. The unsteady viscous flow is assumed to be a small perturbation to the
steady viscous flow which is described by the Navier-Stokes equations. Thus, the steady flow is
nonuniform and nonlinear and is also independent of the unsteady flow field. The small
perturbation unsteady viscous flow field is described by a system of linear partial differential
equations that are coupled to the steady flow field, thereby modeling the strong dependence of the
unsteady aerodynamics on the steady flow.

Solutions for both the steady and the unsteady viscous flow fields are obtained by developing
a locally analytical solution. In this approach, the discrete algebraic equations which represent the
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flow field equations are obtained from analytical solutions in individual local grid elements. The
complete flow field solutions are then obtained through the application of the global boundary
conditions and the assembly of the local grid element solutions. This model and locally unulytical
solution were then utilized to demonstrate the effects of Reynolds number, mean flow incidence

angle, reduced frequency value and elastic axis location on the complex unsteady airfoil surface
pressure distributions and also on the torsional stability of the airfoil.

Viscosity was shown to have a large effect on the complex unsteady surface pressures,
particularly the real part, over the front part of the airfoil. Also, the real part of the inviscid
unsteady pressure is greatly increased in magnitude as compared to the viscous predictions over
the front half of the airfoil, with the imaginary part of the viscous and inviscid solutions of
approximately the same magnitude aft of the airfoil leading edge inviscid singularity. In terms of
airfoil stability, viscous effects were shown to generally decrease the relative stability of the airfoil,
with the largest decrease associated with the low reduced frequency value. Increasing the Reynolds
number caused a decrease in the relative stability of the airfoil stability, whereas increasing the
incidence angle results in increased airfoil stability.
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Abstract

An analysis is developed to predict the turbulence generated single-degree-of-freedom bending and torsion mode vibrational
response of a turbomachine blade row operating in a subsonic compressible flow fieid. The turbulence is assumed to be random
in the neighborhood of the blade natural frequency of interest and to generate a large number of constant amplitude, harmonic,
unsteady aerodynamic lift forces and moments on the blading with equally distributed frequencies. The resuiting random airfoil
vibrations thus occur at the blade natural frequency. The unsteady aerodynamics generated by the blade response, i.e., the aero-
dynamic damping, as well as the cffect of blade aerodynamic coupling are also considered.

Nomenclature

C  airfoil chord

CrLh unsteady aerodynamic translation lift coef-
ficient

unsteady aerodynamic torsional moment co-
efficient

mass moment of inertia

reduced frequency

unsteady lift

unsteady moment

airfoil translational velocity

freestream velocity

elastic axis location

interblade phase angle

log dec due to serodynamic damping

log dec due to mechanical damping

excitation frequency

airfoil torsional natural frequency

airfoil translational natural frequency

/)
S

EE A RS e

€
¥

Subscripts

h translation
a torsion

Introduction

The vibrational response of turbomachinery
blading to aerodynamic excitations is one of the
most troublesome problems in the development
of advanced gas turbine engines. When the exci-
tation source is periodic, for example due to a fixed
obstruction in the flow field, Campbell diagrams
/1] are utilized to predict the operating conditions
at which aerodynamically forced, constant ampli-
tude, blade vibrations will occur. However, flow
induced vibrational response problems .are also
generated by nonperiodic random aerodynamic
excitation sources. In particular, turbulence can
generate random amplitude vibrations at the blade
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AIRFOIL RESPONSE

PERIODIC

RANDOM

Fig. 1.

natural frequency,. as depicted schematically in
Figure 1. This problem was initially considered
by Whitehead (2/ from the point of view of de-
termining the bending mode aerodynamic damp-
ing of an isolated airfoil in an incompressible flow
field.

In this paper, an analysis is developed and uti-
lized to predict the turbulence generated bending
and torsion mode vibrational response of a turbo-
machine blade row operating in a subsonic com-
pressible flow field. Thus, the modeling of refe-
tence [3/ is extended herein to the more realistic
and important cases of torsional response modes,
subsonic compressible flow fields, and to cascaded
airfoils. A strip theory representation of the blade
row is utilized, with the vibrational characteristics
of the typical two-dimensional blade section mo-
deled as a damped translation or torsion mode
single-degree-of-freedom system. The turbulence
is the aerodynamic forcing function and is assumed
to be random over the range of frequencies near
the airfoil natural frequency of interest. The basis
of this model is to then consider the turbulence
to generate a large number of constant amplitude,
harmonic, unsteady aerodynamic lift forces and
moments on the airfoils with uniformly distributed
frequencies. The resulting random airfoil vibra-
tions thus occur at the airfoil natural frequency,

TIME

Periodic and random blade vibrations! response.

with the power spectra of the turbulence generated
airfoil unsteady aerodynamic excitation, Sg, and
the resulting blade displacement, Sg, having the
form depicted schematically in Figure 2.

Airfoil Response Model

The representative two-dimensional airfoil sec-
tion is modeled as a mass-spring-damper system,
Figure 3, with the single-degree-of-freedom trans-
lation and torsion mode equations of motion given
in Equation 1.

d*h . mwpdm dh 2, _
m—a—ti—f'——"——-*'mwhh-L(t)
(1a)
d’a lawadm da 2
[q—&-[_f + T F + lawaa = M(t)
(1b)

where m denotes the airfoil mass, Iy is the mass
moment of inertia, §,, is the log decrement of
the airfoil vibration due to mechanical damping,
wh and wq are the translation and torsion mode
airfoil natural frequencies, respectively, and L(t)
and M(t) represent the unsteady aerodynamic lift
forces and moments.
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Fig. 2. Schematic power spectra of turbulence excitation
and airfoil response.

The turbulence generates harmonic unsteady
aerodynamic lift forces and moments which excite
the airfoil, thereby driving the random airfoil re-
sponse at the harmonic excitation frequency, wy,
Of wgq. Thus, the unsteady aerodynamic forces
and moments acting on the airfoil, L(t) and M(t),
are each modeled as comprised of two components:
(1) those due to the unsteady aerodynamic forcing
function, ie. the turbulence; (2) those induced
by the resuiting airfoil random response, i.c., the
aerodynamic damping. These are specified in Equa-
tion (2):

L() = (L tesponse * l"mﬂ.-u.llence)e“‘)t (2a)

M(t) = (Mresponse + Mturbulenoe)eiwt (2b)

249

where L and M are complex constants and w de-
notes the airfoil natural frequency of interest, either
Wh O Wyy.

The response induced unsteady aerodynamic
forces and moments are expressed in conventional
nondimensional form.

Lresponse = mpUCqCy,, (3a)
Mresponse = ™ UC*aCy, (3b)

where Cy, and Cy, are the nondimensional com-
plex coefficients defining the lift due to translation
and the moment due to torsion, respectively, acting
on the airfoil.

The airfoil equations of motion specified in
Equation (4) are obtained by assuming the airfoil
translational and torsional responses to be harmonic
at the excitation frequency & and substituting
Equations (2) and (3) into Equation (1).

62 lm(CLh) +

mh(-G? + w; +
: 2kx

iow rwRe(Cyy)
(5, t ———2 ] -
L 2wy kx
= Liurbulence (4a)

npU C?Re(C
c:la(—tfx2 + w; - ——-——p (CMa) +
Iy

“Ww,
+ i[_"_“. 8y = 7PUCIm(Cy 1) =

= Mturbulence (4b)

Fig. 3. Airtfoil section vibrations! mode!.
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where k = wC/2U is the reduced frequency and
x = m/mpC? is the mass ratio.

The following translation and torsion airfoil
displacements are then determined by considering
the system to be lightly damped.

L
h = tuxbul?ne:/m (5a)

2 iw
(=) + 2 (5, +8y,)

M /1
a = tm'bule‘m:e2 a (Sb)
"2 -2 lwa
(@Wa= @)+ = (8, %85g)
where:
Im(Cy4,)
2 2 Lh
Wy, = w [l + ————
h h [ 2kx
Re(Crpn)
'3 - 2 Ma
wo = wa[l - W
5 - =mRe(Cpn) .
Ah ’
2kx
5 - "m(Cua)
Aa 4k2x

and 5,y and 6, are the log decrement of the airfoil
motion in translation and torsion due to aerodynamic
damping.

Random Response Power Spectra

For the case being considered herein, the forcing
function is completely random in the neighbor-
hood of the airfoil natural frequency of interest.
Thus, the excitation power spectrum, Sg, is con-
stant, per Figure 2.

The power spectrum of the response is a function
of the excitation power spectrum. For a random
excitation with power spectrum Sg, the following
response power spectra are determined from Equa-
tions (5) /3, 4{. These are also of the form depicted
in Figure 2.

Sg/m?
Sep = e (62)

&
2 - w
(w'h ~@ )+ —"%(Gm +5

2
Ah)

Sg/1;
Ra = Ea 0 (6b)

2 _ 29, Y
—w) + ?(8m+8

(g Auz)2

The response autocorrelation functions given
in Equation (7) are determined from the Fourier
transforms of the response power spectra. These
have the form of a decaying vibration.

Pan (") "Se X
rR(T) =
M amlwl,, +5,,)

-th(am + 6Ah)

Xexp [ = ]cos(whr) (7a)
nSg
¢ (1) = X
Ra 21308, + 8ag)
~wy T (5
X exp [ “a?®m * aa) Jcos(wyr)  (7b)

2n

The mean square of the responses are then de-
termined by setting 7 =0 in Equation (7).

2
— S
(@) = B = —; "3 : (8a)
2miw, (5, + dan)
2.
m S
Ppa®) = & = £ (8b)

7 3
2 weo (8, *8,4)

To this point in the analysis, it has been assumed
that only one airfoil in the blade row is responding
to the turbulence. However, for the case of iden-
tical blades, all of the blades will be excited. In
particular, all of the blades will respond at a con-
stant amplitude but with a blade-to-blade phase
difference, B. Values for this interblade phase angle
are determined by the number of blades in the
row: = 2an/N where | <n < N and N is the num-
ber of blades in a given row.

Because the random forces and moments acting
on each airfoil are uncorrelated, the power spectra
on each blade are constant and equal: Sgy = Sg/N.
Thus, for each interblade phase angle value, the
power spectra can be written per Equation (9).
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_ 4SEkz x2
Rig ~ “m’wyN

9
X (miCyy T~ ¥, " + (Re(Cy, 17 2
16Sgk*x*
Ray = ~3 4
B lyweN
L (9b)

X
(Re [Cm,ﬂl = Yy)? +(Im [Cmal)’
where

Yy = ka[(;)“_’—)2 -1k
h

Yy = X))
o

Since the vibration at each interblade phase
angle is uncorrelated, the power spectrum of the
motion of any one airfoil is the sum of the power
spectra of the motion in each possible interblade
phase angle.

4sEk1x1
San = Sp(Y) (10a)
m wy,

16SEk‘x’
Spa = —3 7 Sa(Ye) (10b)
a“a

where:

N
zZ X

-1
SO = N o

i
X
(Im [(CLhB) - Yy, ]1 + [Re(Cu,g)l’

S (Y 1§ x
a a) ‘ﬁ'n,‘
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X 1
(Re [CMaﬁl - Ya )2 + (lm (CMaﬂ ] )2

o) 2
Y, = 2xl(==) - 1)

h

<
1]

2 g @ 2
a = W) - 1]

In general, there are a large number of blades
in the row. Therefore the sums appearing in Equa-
tion (10) can be replaced by an integral.

_ 1
Sp(¥y) = 5 X

X Ilw dﬂ
o (Im [Cu,ﬂ] =Y, +(Re [C”‘B])z

(11a)
.1
Sal¥a) = 55X

X Iiw dﬂ
0 (Re(Cyqy] = Yo)' + (I (Cyq 17

(11b)

For the special case wherein only one airfoil
responds to the turbulence, the unsteady aero-
dynamics are independent of the interblade phase
angle /5/. The values of Sp(Y}) and S4(Y,) then
reduce to the following:

1
(Im(Cy 1 -Y,) + (Re[Cpy 1)

Sp(YVy) =
(12a3)

1

SaYe) = (RG] -V + (miCue ]

(12b)
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where:
c - 1 Zlc
Lh 2 o Lhﬁd‘;',
n
CM& 0 CMade
Results

The mathematical model developed herein is
utilized * to demonstrate the turbulence excited
vibrational response of a turbomachine blade row
operating in a subsonic compressible flow field.
For this study, the motion induced unsteady aero-
dynamics are based on a flat plate airfoil cascade
executing harmonic translation or torsion mode
oscillations in an inviscid, compressible, flow field
/6/. The parameters modeled include the cascade
solidity and stagger angle, the torsion mode elastic
axis location, the Mach number, the reduced fre-
quency, and the interblade phase angle.

20 B M=05
C/S=10
STAGGER =60°

k=35

[¢)
|

SPECTRUM AMPLITUDE, /S,
o —
(6,] O
T T

0 1 1

The turbulence excited translation and torsion
mode responses of the blade row are demonstrated
in Figures 4 and 5, respectively. For these parti-
cular operating conditions, the torsion mode re-
sponse amplitude is larger than the bending one.
Also, aerodynamic coupling of the blades increases
the amplitude of response for both modes of vib-
ration, but particularly the torsion mode. This
larger effect on the torsion mode response is re-
lated to the fact that torsion mode flutter is pos-
sible in this flow regime and, therefore, the relative
aerodynamic damping in torsion may be less than
that in translation. This is considered in the fol-
lowing.

The torsion mode flutter boundary for the case
of no structural damping can be calculated from
the motion induced unsteady aerodynamics. In
particular, when the imaginary part of the moment
coefficient is zero, the cascade has no aerodynamic
damping and flutter is predicted. Figure 6 shows
the flutter boundary determined from the unsteady
aerodynamic analysis of reference /6/ in the format
of the reduced frequency versus the torsional elastic
axis location.

RESPONSE
— SINGLE BLADE
—=—=—ALL BLADES

l ] 1 ]

3 -2 -

0 i 2 3

FREQUENCY PARAMETER, i

Fig. 4. Turbulence excited transistions! airfoil response.
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Fig. 8. Turbulence excited torsional airfoil response.
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Fig. 8. Torsion mode flutter boundery.
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The significant effect of fluiter margin and aero-
dynamic damping, i.e., blade row operation near
to the flutter boundary, is now demonstrated. This
is accomplished by considering the turbulence in-
duced torsion mode airfoil response near to and
far from the flutter boundary, Figure 7. As the
elastic axis location is moved aft from the airfoil
leading edge and, thus, the torsional flutter bound-
ary is approached, the amplitude of the response
increases, with a factor of two difference between
the 10% and the 40% chord elastic axis positions.
This is due to the decreased aerodynamic damping
as the flutter boundary is approached.

The significance of aerodynamic coupling of
the blading is also apparent in Figure 7. In parti-
cular, for the 10%, 20% and 30% chord elastic axis
positions, there is no difference in the predicted
amplitudes of response for (1) the case with no
aerodynamic coupling and a single blade respond-
ing and (2) aerodynamic coupling with all blades
responding. However, very near to the flutter bound-
ary with the elastic axis located at 40% chord, the
blading response to the turbulence is significantly
greater for the case of aerodynamic coupling and
all blades vibrating than the corresponding single
blade, no aerodynamic coupling, situation.

Summary and Conclusions

An analysis has been developed and utilized
to predict the turbulence generated bending and
torsion mode vibrational responses of a turboma-
chine blade row operating in a subsonic compres-
sible flow field. The basis of this model is consi-
dering the turbulence to generate a large number
of constant amplitude, harmonic, unsteady aero-
dynamic forces and moments with uniformly dis-
tributed frequencies on the blading. This model
also includes the unsteady aerodynamics generated
by the blade response, i.e., the aerodynamic damp-
ing, as well as the effects of blade aerodynamic
coupling.

This model was then utilized to investigate tur-
bulence generated translation and torsion mode
forced vibratory response of a blade row operating
in a subsonic compressible flow field. Aerodynamic
coupling of the blades increased the amplitude
of response for both the torsion and translation
modes of vibration, but particularly the torsion
mode. This larger effect on the torsion mode re-
sponse was shown to be due to the decreased level
of aerodynamic damping as the flutter margin of
the blade row is decreased. In particular, for the

0 M=05 ' RESPONSE
C/S=10 ' ~—— SINGLE BLADE

o5l STAGGER=60° a ——=—ALL BLADES

@ * k=035 ;
i
; )
W 20l i
D i
= i
0,
2 .l Xo/C (%) ||
s i
< |
3 i
& O |
= 1
Q
w
& s
' 1 | $
Q3 -2 ) 0 i 2 3

FREQUENCY PARAMETER, Ya

Fig. 7. Effect of tlutter margin on torsional airfoil response.
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cas2 of turbulence excited torsion mode response,
as the flutter margin is decreased: (1) the ampli-
tude of the forced response is increased; (2) the
aerodynamic coupling of the airfoils significantly
increased the amplitude of response in the neigh-
borhood of the flutter boundary.
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Abstract

A mathematical model is developed to analyze the viscous
aerodynamics of an harmonically oscillating flac plate airfoil
cascade in an incompressible laminar flow. The steady flow
ficld is described by the Navier-Stokes equations, with the
unsteady viscous flow modeled as a small perturbation to this
sieady flow. Solutions for both the steady and the unsicady
viscous flow ficlds are then obtained by developing focally
analytical solutions. The significant effects of Reynolds
number, clastic axis, interblade phase angle and incidence angle
on the oscillating cascade unsteady aeridynamics and torsional
Tutier characteristics are then demonstrated.

Nomenciare
C airfoil chord
M unsteady moment coefficient
k reduced frequency, @ C/ Uqo
Re Reynolds number, U,,C /v
S cascade spacing
Uoo free-stream velocity magnitude
Xeq elastic axis location
X mean flow direction coordinate
y nomial flow direction coordinate
Ym nean aidoil position
Ax x direction step size
Ay y direction step size
(Axg. Ay) center of grid element
(77N mean flow incidence angle
o amplitude of airfoil oscillation *
}) interblade phase angle
"] nondimensional unsteady stream fuction
N4 nondimensional steady stream fuction
4 nondimensional unsieady vorticity
g nondinensional steady vorticity
S cascade stagger angle

Introduction

Aurfoil and airfoil cascade unsteady aerodynamics are
fundamental research areas of interest 0 a varicty of
applications, with wrbomachinery design being of particular
interest hercin. As a result, considerable progress has been
made in predicting the unsieady acrodynamic response of an
airfoil cascade. Initially such unsicady aerodynamic analyses
were restricied 10 thin airfoil potential flow theory, with the
unsteady flow assumed to be small as compared 10 the mean
steady potential flow field. In addition, the airfoils were
vonsnjered 10 be flat plates at zero mean incidence. Thus, the

+ AFRAPT Traince
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unsteady acrodynamics become uncoupled from the stcady
flow, leading 10 a mode! wherein the flow is lincanzed about a
uniform parallel flow. Solutions were obtained with classical
airfoil iechniques, resulting in analytical sotutions i the form
of integral equations. A model of this type which has found
widespread application 1o turbomachines is that developed by
Whitchead {1].  This model analyzes the incompressible
inviscid unsicady aerodynamics of a cascade of fl plate
airfoils at zero incidence,

Although such classical models and integral wehnigues are
important, the development of numerical methods 1s chabling
the mathematical modeling to be exiended and enhanced. The
various numerical methods utilized 10 solve partial Gifferential
equations are distinguished from one another by the means
used to derive the comresponding algebraic representation of the
differential equations. In finite difference methods, Taylor
series expansion and control volume formulations are most
often used.  For finite element methods, variational
formulations and the method of weighted residuals are
employed. I the locally analytical method, the discrete
algebraic equations are obtained from the analyucal solution in
cach individual local grid clement.

The various numerical techniques have enabled the mviscid
unsteady potential flow through an airforl cascade o be
analyzed, for example References 2 through S, with these
techniques beginning 10 be utilized 1o predict unstcady viscous
flows, References 6 through 9. In this regard, Schroeder and
Fleeter { 10 developed a model and locally analyticat solution 10
predict the unsteady viscous aerodynaniics of an isolated flat
plate airfoil executing harmonic torsional motons ' an
wncompressible laminar flow at low Reynolds nuriber values.

In this paper, the effects of Reynolds number, mean
incidence angle, elastic axis and interblade phase angte on the
incompressible viscous unsteady aerodynamics and the
resulting effect on the cascade torsional flutier characterisnics
are generated by the hanmonic torsional motions of a flat plate
airforl cascade analyzed. This is accomplished by develoring 3
mathematical modet which significantly extends the nuxdeling
and locally analytical solution initially proposed in Reference
10, In panicular, the model developed herein analyzes the
steady viscous flow at moderate values of the Reynolds number
past a flat plate airfoil cascade and the unsteady viscous
aerodynamic interaction of this steady flow ficld 1 harmonie
torsional motion. The unsteady viscous flow 1s assumed o be
a small perturbation 0 the steady viscous tlow. The steudy
flow field, described by the Navier-Stokes equations, i
nonuniform and nonlinear and is also independent of the
unsteady flow. The small perturbation unsteady viscous flow
ficld is described by a system of linear parual differcnual
equations that are coupled 10 the steady flow field, thereby
maodeling the sirong dependence of the unsteady aerodynamics
on the steady flow.

Lacally analytical solutions for both the steady and the
unsteady viscous flow ficlds are developed. In this method,
the discrete algebraic equations which represent the steady and
unsteady flow ficld equations are obtained from analytical
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solutions in individual grid clements. Locally analytical
solutions are then developed by applying these solutions 1o
individual grid elements, with the integration and separation
constants determined from the boundary conditions in each grid
clement. The complete flow field solutions are obtained
through the application of the global boundary conditions. It
should be noted that the nonlinear character of the complete
steady flow field is preserved as the flow is only locally
lincanzed, i.c., independently lincarized solutions are obtained
in individual grid elements.

The two-dimensional flow field together with the cartesian
coordinate system are schematically depicted in Figure 1. For

harmonic time dependence at frequency , the flow field is
described by the nondimensional continuity and Navier-Stokes

equations, written in terms of the vorticity, §, and the stream

function, ¥, in Equation 1.
z_ - — - - -
V C=ut L= Ref L 3L, + L) (1
2_ -
V y==( (1
where E:V‘—Gy and U=y, v=-y,.

The flow field is decomposed into steady and harmonic
unsteady components, with the unsteady component assumed
10 be a small perturbation to the steady component.

E(x.y.t) =E(xy)+ c"C (x.y) Qa)
VxyD =Y xy) +e yxy) 2b)
u(x,y,0)=U (x,y) + eu(x.y)

, (20)
VixyD=Vxy)+e vixy) g
Py =P(xy)+ec p(xy) Qe)

where
{<<& ye<cW uc<U,vecV,p<<P

The equations describing the steady and unsteady viscous
flow fields arc determined by substituting Equation 2 into
Equation 1, and grouping together the time independent and the
time dependent terms. For the unsteady flow, the second order
terms are neglected as small compared to the first order terms.
Also, as the lincarized unsteady flow is assumed t0 be
harmonic, the exp(it) is dropped, for convenience.

The resulting coupled nonlinear partial differential equations
describing the steady flow field, Equation 3, are independent of
the unsteady flow. The vorticity equation is nonlinear, with the
stream function described by a linear Poisson equation which is
coupled to the vorticity equation through the vorticity source
term. The pressure is also described by a linear Poisson
equation with the source terms dependent on the steady flow
field.

2
Vii=Rre(Ug,+vE) (a)
2
Vw=-t (3b)
2
v p=2(U,v,-v,u,) (3¢)

The resulting coupled linear pantial differential equations
describing the unsweady harmonic flow field are given
Fouation 4. The unsteady flow is coupled 1o the sicady flow
ficld. In panticular, in both the unsteady vorticity transport and
pressure cquations, the variable cocfficients are dependent on
the steady flow ficld with the unsteady stream function coup ed
to the sotution for the unstcady vonticiy.

2
V{=Re[kif+uk + UL, +vE+ VL)

& HY)
2
V y=-¢ i)
2
v p=2|(ulvy+va‘)—(v‘Uy+uyVl)‘ o)

The steady flow boundary conditions specify that: (1) there
is no slip between the fluid and the airfoil, and (2) the uid
velocity normal to the stationary airfoils is zero on the airfoil
surfaces.

U=V=0 on airfoil surfaces (3

A siream function and vorticity formulation is being
utilized. Thus corresponding stream function and vorticity
boundary conditions must be specified. These are determined
from the definitions of the stream function and the vorticity in
conjunction with Egyuation 5. The steady stream function s

defined by Wy = U and W = =V. Since U and V are both zero
on the airfoil, ‘P must be a constant on the airfoil surfaces. The
vorticity is defined as § = Vx - Uy. Since V is constant,
namely zero, on the airfoil, Vy is zero, and therefore £ = — Uy
on the airfoil surfaces.
¥ = constant
§=-Uy ==y

on airfoil surfaces (6)
on airfoil surfaces 7)

The passage-to-passage periodicity of the cascade is
achieved by extending the computational flow field of a typical
single passage one grid element in the normal direction at the
top and bottom of the passage and then applying the calculated
values at the upper and lower boundaries. The passage-to-
passage stream function values differ by a constant while the
passage-to-passage vorticity values are the same. The
periodicity boundary conditions are given in Equation 8.

Y(x,~-Ay)=¥(x,S~-Ay)-constant (Ra)
¥Y(x,S+Ay)=¥(x,Ay)+constant (3b)
E(x,-Ay)=E(x.S-Ay) Ry
E(x.S+Ay)=&(x.Ay) (3

where W (-02,§)-¥ (-20,0)is aconstant and Ay is

the grid increment in the y direction.

The periodic boundary conditions are shifted by the cosine
of the stagger angle ( ) in the x-direction for the staggered
cascade, Figure 2. The flow field is extended in both the
upstream and downstream directions 0 allow the

nonoverlapping grid section to be treated as far field boundary
conditions.

The inlet and exit far field boundary conditions for the
cascade steady flow are developed below. The far field inlet
flow is uniform for both the zero and nonzero mean flow

incidence flows, as specified in the following boundary
conditions.
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E(x—>~9 y)=0 19a)
W{x—=-9,y)=y Wb

When the mean flow incidence angle is zero, U= 1,V =-
¥y =0, and &x = 0 define the cascade exit far ficld flow field.
Thus the cascade exit far field boundary conditions are given in
Equation 10.

W(x—90 ,y)=¥(90 -AXx,Y) (10a)
E(x o0 ,y)=E(°-Ax,y) (10b)

where A x is the grid increment in the x direction.

With a nonzero mean flow incidence angle, neither U nor V
is zero in the exit far field. The far ficld exit flow is assumied 0
be uniform, defined by Ex = 0. For the stream function far
field exit boundary condition a Taylor series expansion is used
in both the nonmal and streamwise directions. These far field
exit boundary conditions are given in Eqguation 11.

W(x 00y )= (¥ (00-Axy)~Vdx
+¥(Oy+Ay)~Udy)/2 ()

E(x—oo0,y)=f(%0~Ax,y) (11b)

The flow is steady in the upstream and downstream far
field. Hence the unsteady far field boundary conditions require
the far ficld perturbation velocity 10 be zero. Neumann
boundary conditions, analogous to the steady boundary
conditions, are thus applied 10 the stream function, Equation
12a. Also, the far field unsteady velocity components and
vonticity are zero, Equation 12b.

Far Field {12
Far Field C(12b)

W = constant
u=v=§=0

‘The unsteady boundary conditions on the airfoil surfaces
specify that the velocity of the fluid is equal to that of the
surfaces. For a flat plate airfoil cascade executing small
amplitude harmonic torsion mode oscillations about an elastic
axis located at xg, as measured from the leading edge, the
linearized normal velocity boundary condition is given in
Liquation 13, This boundary condition is applied on the mean
position of the oscillating airfoils, yy.

vixym)=a kU +a' [iKk(x~xe4)] T

where ' is the amplitude of oscillation, and k = P—E is the
-~

reduced frequency.

The fluid is viscous. Thus the unsteady chordwise velocity
component must satisfy the no - slip boundary condition
:lngpllcd on the mean position of the oscillating airfoil, Equation

ulxym)=0 04

‘The unsieady stream function and vorticity airfoil surface
boundary conditions correspoading 10 these unsteady velocity
boundary conditions are as follows.

Wix.yoi=— a'k{U_x + i‘ %- x")xl
(15a)
fxym)=a'ik~ uy (X,ym) (15b)

The unsteady periodic cascade boundary conditions are
developed analogous 10 the steady ones and take into account
the constant specified interblade phase angle, . The mode) is
extended one grid clenient in the normal direction at the top and
bouom of a typical single blade-10-blade passage. This allows
the computational grid 10 overlap at the 10p and bottom of the
single passage. Calculated values are then used at the upper
and lower boundarics, Figure 2. The passage-10-passage
stream funcrion values differ by a constant while the passage-
to-passage vorticity values are the same, Equation 16. The
constant interblade phase angle, B, defines the airfoil-to-airfoil
differences in the unsteady acrodynamics, with the unsteady
aerodynamics on adjacent airfoils differing by B. The
interblade phase angle is defined by the number of blades on
the rotor.  Thas, the periodic unsieady cascade boundary
conditions are specified by changing the upper and lower
boundary conditions 10 reflect the interblade phase angle.

wix.-Ayl=

(W(x.S-Ay)-constant }/ (cos P +isin ) (16a)
yix,S+Ay)=

(W(x,Ay)+constant ) * (cos B +isin ) (16b)

u(x,—Ay)=u(x,5-48y)/(cosP +isinp) (16¢)

u(x,S5+Ay)=u(x,Ay)* (cosB+isinp) (16d)

vix,-Ay)=v(x,85-Ay)/(cosP +isinP) (16¢)

vix,S+A4y)=v(x,Ay)*(cosP+isinf) (16f)

C(x.-Ay)={(x,.S-Ay)/(cosB+isinP) (16g)-

CUx,S+Ay)=0(x,Ay)*(cosB+isinP) (16h)
where y (= 99,8 )~y (-©9,0)is a constant.

ocally Analytical Solutions

Locally analytical solutions are obtained for the unsteady
and steady viscous flow fields. la this methad, the discrete
algebraic equations which represent the acrodynasmic equations
are obtained from analytical solutions in individual local grid
clements. This is accomplished by dividing the flow field into
computational grid elements. In each individual element the
nonlinear convective terms of the Navier-Stokes equations
which describe the stieady flow are locally linearized. The
nonlinear character of the sicady flow is preserved as the flow
is only locally linearized, that is, independently linearized in
individual grid clements. Analytical solutions 1o the linear
cquations describing both the steady and the unsteady flow
fields in each element are then determined. The solution for the
complete (low field is obrained through the application of the
giobal boundury conditions and the assembly of the locally
analytic solutions in the individual grid elements.

Steady Flow Field

‘The steady vorticily transport is described by Equation 3
which is nonlinear because of the convective terms U &5 + V
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§y~ These terms are locally linearized by assuming that the
velocity components U and V, which are the coefficients of the
vorticity, are constant in each individual grid element, that is,
locally linearized.

Re Re G

where A and B are constants in an individual grid element,
taking on different values in each grid element.

The resulting locally linearized vorticity equation is given in
Equation 18. This locally linearized equation is solved
analytically to determine the steady vorticity, &, in a grid
element, thereby providing the functional relationships between
the vorticity in an individual grid element and the boundary
values specified on that grid element.

2AE+2BEy =Exx+ &y A

This vorticity transporn equation is elliptic. Therefore, 1o
obtain a unique sofution for the typical uniform grid element
with center (xq.yo). Figure 3, boundary conditions must be
specified on all four boundaries. These boundury conditions
are expressed in an implicit formulation in terms of the nodal
values of the vorticity along the boundaries of the element. A
second-order polynomial is used 1o approximate the vorticity on
cach of the boundarics.

& (xyo+dy) =aj5+ a5 x + a36 x2 (19)
§ (xg+Ax,y) = blg + b2§ y + b3§ y2

§ (x.yo-8y) =15 + 26 x + ¢38 x2

€ (xp-Ax,y) = d|§ + d2§ y + d3§ y2

where aii, b-,Ea. cié, d',é are constants determined from the three

nodal points on each boundary side and the x and y distances
are all measures from the center of the element (xq,yq).

The analytical solution to Equation 18 subject 1o the
boundary conditions specified in Equation 19 is determined by
separation of variables.

E(xy)=c DY { [BS,sinh (E ,x) (20)
n=l

+ Bg‘cosh (E X}l sin (li‘y + Ay))

}

The locally analytical solution for the stream function is
obtained by a procedure analogous to that used for the vorticity
after subdividing the flow region into computational grid
clements.

+ [B;sinh (Exy)+ Bi,cosh (Eay)} sin ‘l;‘x + &x)

The steam function is described by a linear Poisson
equation which is coupled to the vorticity and also is elliptic,
Equation 3b. Therefore, 10 obtain a unique analytical solution
for the typical grid element, continuous conditions must bhe
specified on all four boundaries. As for the vorticity transport
equation, continuous boundary conditions are represented in an
implicit formulation in terms of the nodal values of the streain
function by second-order polynomials in x or y as measured
from the center of the element (xg,yo)-

¥ (xyordy) = a1V + ag¥ x + a3¥ x2 2n
WV (xg+Ax,y) = bV + b3V y + bW y2
Y (uygAy) =V + ¥ x + cay¥ x2
Picgany) =d |V +daVWy + d3v y2
where oV, bV, ¢V, iV, are constanis determined from the
it Gy
three nodal points on each boundary side.

The stream function equation is linear and possesses a
nonhomogencous term, -E (x,y), which couples the stream
function to the vorticity. To solve Equation 3b subject to the
boundary conditions specified in Equation 21, it is divided into
two component problems. One problem has a homogencous
equation with nonhomogeneous boundary conditions, whereas

the sccond problem has a nonhomogencous equition with
homogeneous boundary conditions.

W=\yay wb (22)

Problem 1:

VZwa-gq

W (xygray) =V + 29¥ x + ag¥ x2

Wil (xo+Ax,y) = b1V + bV y + bW y2

Y2 (xyg-Ay) =ci¥ + V¥ x + c3y¥ x2

Wlixgaxy) = |V + dy¥Wy + d3¥ y2
Problem 2:

V2 ‘l‘b=-§(x.y) 124

Wh (x,y,+Ay) = 0

wh (x,+Axy) =0

¥ (x,y,-Ay) =0

¥b (xg-Ax,y) = 0

The solutions for ‘¥ and WD arc then determined by
separation of vanables.

o0

Fley= Z} {[B:,sinh(lr{)
+B) cosh (!A:;()] sin ‘l:‘y + Ay))

+[B§'"s'mh (‘i;y)lf Bz,cosh(]l;y’] sin‘l:‘x + Ax)’

(25)

+ [(ir"sinh (lk;y) + Gy cosh (l:y' +

v
G,v,,+ G;,yi»(};yz]sin‘la{x + Ax)) }

The stream function is continuously differentiable across
the grid element. tence the U and V velocity components can
be obtained analytically by differentiating the stream function
solution. The solution for ¥, £, U and V are then used to
determine the pressure in the flow field and on the boundaries.
Thus, the locally analytical solutions for the velocity

componcents and the pressure are determined as post
processes.
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Unsteady Flow Field

The unstcady vorticity is described by a linear partial
difterential eguation with nonconstant cocfficients v and v vary
across the typical computational grid elemient. However, the
steady velocity coefficients U and V are known tfrom the
previously deermined steady state solution and are constant in
the typical grid element, as specified in Equation 17.

To detennine the locally analytical solution 1o the unsteady
perturbation vorticity eguation, it is approximated as a constant
coefficient partial differential equation in individual grid
clements. This is accomplished by assuming that the
penturbation velocities u and v are constant in each element.

Re Re 26)
where A’ and B’ are constant in each individual grid element,
taking on different values in different grid elements.

The resulting linear constant coefficient partial differential

equation defines the unsteady perturbation vorticity in an
individual computational grid element.

kei*Re § + 2A §x + 2B Ly + A Ex +2B'&y) n
' =Cxx + Cyy

To determine the analytical solution in the typical grid
clement, Equation 27 is rewritten as a homogencous equation.

Vg=2AL,+ 28, (2%)
where:
_ S(le +%y‘
C(x.y)=C(*vy)+—2—':—z—;
(A *—K)

and S (x,y) =(LZA'§‘+ ZB'§,+ keReei ;)

This equation is of the same form as that for the steady

linearized vorticity, Equation 18. Thus, the solution for T is
obtained in a manner exactly analogous to that for the steady

vorticity, &, and is given in Equation 29.

Elx.yl =2 (x+Ax.y+Ay) E‘x+Ax,y+Ay) N
+ zz(x+Ax,y) E(x+Ax,y)

+ 13(x+Ax.y-—Ay)-C‘.wa,y—A)‘)

+ 24{xy-ay) L {x.y-ay)

+ Zs(x-Ax'y-Ay)E(X'Ax-y—AY)

+ z(,(x—Ax,y)E(x—Ax,y)

+ z7(x—Ax,y+Ay)E(x—Ax.y+Ay’

+ 2g(x.y+Ay) C{x.y+ay)

where the cocfficients zj are dependent on the sieady state
velocity components, U and V.,

The ua:ieady streim function is described by Equation b,
s equation is identical 1o that lor the steady stream function,
Fauation 3b. Hence, an identical solution procedure is wilized
As the coetficients for the steeam function are only a function of
their position in the grid clement, that is, Ax and Ay, the
unsteady coctficients remain the same as those found

previously for the steady stream Tunction ¥ (x4.y,,). Thus, the
solution for the unstcady stream function is determined from
the steady stream function solution, Equation 25, by replacing
'Y by y and the steady vorticity § by the vorticity {. The
algebraic equation for the value of the unsteady stream function
at the center of the typical element in werms of the values of the
unsteady stream function and vorticity at its eight neighboring
values is given in Equation 30.

V(xeYo)= p\]vw(xdl»Ax.yo-l—Ay) + p;’\v(x()ﬂ—Ax,y“) (30
Py Wk ax.yay)+ pf w(xeyoAy)
epd Wk axyoay) + p ey,
+ 07 W[k Axy gt Ay} + g wixgvary)
+ay Cfxgraxyoray) + ¥ fxgrany)
ray Gxgracygav) v af Cxere )
+ ‘l.\qu"u-é"-yu-f\y) + q}','C (x‘,—»\x..\",)
+ qu(xo—Ax,y“+Ay) +uyC (x(,y(,+.\)')

+ q“fc ("(ryo)

The unsteady velocity components u and v are determined
by differentiating the unsteady stream function, with the locally
analytical solution for the unsteady pressure determinied by a
poOSt pracess.

R!.:."":.

The unsteady viscous flow model and the locally analytical
solutions developed herein are atilized 10 demonstrate the
effects of moderate Reynolds number, interblade phase angle,
clastic axis and mean flow incidence on the unstcady
aerodynamics and flutter characieristics of a flat plate airfoil
cascade.

The unsteady acradynamic results are presented in the
format of the read and imaginary components of the unsicady
airfoil surface pressure difference across the chordline of a
cascaded airfoil, and the corresponding complex unsteady
moment, as defined in Equation 31.

Cet (31)
f (plmvu’ punn‘x - xc;)dx
M co
M— =
pcUk pcUk

The cascade predictions are obtained on a 126 x 37
rectangular grid, Figure 4, with Ax = Ay = 0.025 and 41 points
on the airfoil surfaces, thereby limiting results 10 moderate
values of the Reynolds numbers. The convergence criteria for
the internal and extemal steady stream function iterations are
10-4, with a steady vorticity tolerance of 5+10-2. The
computational time ranged from 825 CPU seconds on the
Cyber 205. The convergence criteria for the internal and

C
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exiernal unsteady stream function iterations are 1074, with a
unsteady vorticity tolerance of 5+10~4, The tolerunces for the

unsicady pressure iterations are 106 and 1075 for the internal
and external iterations, respectively. The computational time
averaged 2200 seconds CPU time on the Cyber 205, with an
average of 300 iterations for the solutions of the stream

function and vorticity and an additional 200 iterations for the
pressure solution.

The steady flow model and its locally analytical solution are
first utilized 1o predict the steady viscous flow past the cascade.
For example, Figure 5 shows the predicted stream function
contours for two passages, with the steady vorticity on the
airfoil surface for Reynolds number of 1,000 and zero
incidence with 30 degrees stagger. Figure 6 shows the
predicted stream function contours for two passages, with the
steady vorticity on the airfoil surface for Reynolds number of
1000 with 8 degrees of incidence and 30 degrees stagger.

The effects of viscosity on both the unsteady viscous
aerodynumics generated by the oscillating flat plate cascade
which are coupled to the steady viscous flow and the cascade
flutter characteristics are then analyzed with the unsicady flow
model and its locally analytical solution. In particulur, the
effects of Reynolds number, elastic axis location, interblade
phase angle, and incidence angle on the oscillating airfoil
unsteady pressure difference across the chordline of a
referenced airfoil and the corresponding complex unsteady
aerodynamic moment are demonstrated. Also preseated as a
reference are the corresponding inviscid predictions obtained
from the classical incompressible flow cascade model of
Whitehead| 1].

The effects of Reynolds number and interblade phase angle
on the complex unsteady pressure difference are presented in
Figures 7 through 9. The viscous predictions are nonsingular
at the airfoil leading edge whereas the inviscid results are
singular. There is general trendwise agreement in the viscous
and inviscid predictions of the chordwise unsteady pressure
distribution, with only the real pan at 0 degrees interblade
phase angle exhibiting relatively good comrelation. As will be
seen. differences hetween the viscous and inviscid predictions
result in large differences in the corresponding unsteady
moment predictions.

Mean flow incidence angle has only a small effect on the
viscous predictions of the complex unsteady pressure
difference, Figure 10. To gain some insight into this result, the
predicted steady airfoil surface pressure difference for mean
flow incidence angles of 0 and 8 degrees are presented in
Figure 11. There are only small differences between the two
pressure distributions, with no indication of flow separation.

The torsion mode flutter stability of a cascade of airfoils is
determined by the imaginary part of the unsteady aerodynamic
moment if there is no mechanical damping. Thus, the effects of
Reynolds number, mean flow incidence angle, and interblade
phase angle on the imaginary part of the moment coefficient are
considered in Figures 12 and 13. la panticular, these figures
present the viscous predictions of the imaginary part of the
woment coefficients as a funciion of elastic axis location, with
interblade phase angle as a parameter for incidence angles of 0

and 8 degrees. Also shown are the corresponding inviscid
predictions.

Viscosity has a destabilizing effect on the cascade for elastic
axis locations forward of approximately midchord. Namely the
inviscid predictions indicate that the cascade is stable for all
elastic axis locations, with the interblade phase angle value
having minimal effect. In contrast, the viscous predictions
show that viscosity is cither stabilizing or desiabilizing
depending on the location of the elastic axis, with the interblade
phase angle having a large effect on the increased cascade

stability for elastic axis locations aft of approximately
midchord.  Also, a comparison of the 0 and 8 degree mean
flow incidence angle viscous results shows that this increased
incidence is slightly destabilizing.

mclusions

A mathematical model has been developed to analyze the
two-dimensional steady and unsteady acrodynamics ol a
cascade of flat plate airfoils in an incompressible laminar flow
with the unsteady acrodynamics generated by hammonic 1orsion
maode oscillations of the airfoil cascade. The unsteady viscous
flow is assumed to be a siall perturbation to the steady viscous
flow which is described by the Navier-Stokes equations. The
small perturbation unsteady viscous flow ficld is described by a
system of lincar partial differential equations that ire coupled to
the steady flow lield.

Solutions for both the steady and the unsteady viscous flow
fields were obtained by developing locally analytical solutions.
In this approach, the discrete algebraic equations which
represent the flow field equations are obtained from analyucal
solutions in individual gnd elements. For the steady viscous
Now, this was accomplished by first locally linearizing the
convective terms in the Navier-Stokes equations. The compleie
Now field solutions are then obtained through the application of
the glubal boundary conditions and the assembly of the local
grid element solutions.

This model and locally analytical solutions were then
utilized to demonstrate the effects of viscosity on both the
oscillating cascade unsteady aerodynamics and the cascade
flunter characteristics. In particular, the complex unsteady
chordwise pressure differences and resulting unsicady
aerodynamic moment on a referenced airfoil of the cascade in a
viscous flow characterized by Reynolds numbers of 500 and
1,000 were snalyzed and correlated with classical inviscid
results for a stagger angle of 30 degrees, reduced frequency of
2.0, elastic axis of (1.5, incidence angles of () and 8 degrees,
and interblade phase angles from 0 to 180 degrees.

Research sponsored by the Air Force Office of Scientific
Research (AFSC) under Contract F49620-88-C-0022. The
United States Government is authorized to reproduce and
Jisiribuie reprints for governmental purposes notwithstanding
any copyright notation hereon.
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Oscillating cascade unsteady aerodynamics
including separated flow effects

J. A. Eley and S. Fleeter
School of Mechanical Engineering, Purdue University, West Lafayette, Indiana 47907, USA

Abstract. A mathematical model is developed to predict the effect of flow separation on the unsteady acrodynamic lift and
moment acting on a two-dimensional flat plate cascade which is harmonically oscillating in a subsonic flow field. The unsteady
flow is considered to be a small perturbation to the uniform steady {low, with the steady flow assumed to separate at a specified
fixed position on the airfoil suction surface. This formulation does not require the difference in the upwash velocity across the
airfoil in the separated flow region to be determined before calculating the unsteady pressure difference across the chordline
of the airfoils, thereby eliminating the assumption that the upwash difference is zero at the trailing edge when the steady flow
is separated. Resuits obtained demonstrate that although flow separation decreases bending mode stability, it does not result

in bending mode flutter. However, flow separation can result in torsion mode flutter, with this instability being a function of
the location of both the separation point and the elastic axis.

List of symbols

d nondimensional distance D/C

h nondimensional distance H/C

k reduced frequency, wC/U

p perturbation pressure

u perturbation velocity in the x direction

v perturbation velocity in the y direction

x nondimensional chordwise Caretesian coordinate, X/C

X, nondimensional separation point location measured (rom the leading edge
y nondimensional normal Cartesian coordinate, Y/C

¥ bending mode nondimensional displacement

C airfoil chord

C, unsteady lift coefficient

Cu unsteady moment coefficient
c, pressure difference coeflicient, Ap/p ., U2,
D distance between leading edges of adjacent airfoils as measured in the x direction

distance between mean positions of adjacent airfoils as measured in the Y direction
Mach number at x = +

fluid static pressure

fluid static pressure at x = + ©
spacing between adjacent airfoils
airfoil angular displacement for torsional oscillations
(- M2y"

cavitation number

cascade stagger angle

Fourier transform variable
cascade interblade phase angle
velocity potential

circular frequency

k]

4

EOAI=TIED/R LYV EZI

Subscripts

b bending mode oscillation
a torsionai mode oscillation
+ upper surface

- lower surface
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Superscripts

ATT attached flow

COR  correction

SEP  separated flow

d Fourier transform
(") complex amplitude

) Introduction

The continuing demand for more eflicient axial flow compressors for gas turbine engines is being
achieved by higher rotational speeds, thinner airfoils, higher pressure ratios per stage, and increased
operating temperatures. As a result, the possibility of an aerodynamic blade row instability is an
important design consideration. Namely, under certain conditions, a blade row operating in a
completely uniform flow field can enter into a self-excited oscillation known as flutter. The motion
is sustained by the extraction of energy from the uniform flow during each vibratory cycle, with
the flutter frequency generally corresponding to one of the lower blade or coupled blade-disk
natural frequencies.

To predict the aerodynamic stability of a rotor, a typical airfoil section approach is utilized.
The three-dimensional flow field through the rotor is approximated by two-dimensional strips
along the blade span. For each strip, the structural dynamic properties and the unsteady aero-
dynamic loading due to harmonic airfoil oscillations must be determined. Finite element techniques
enable the structural and vibrational characteristics to be accurately predicted. However, accurate
predictions of the {lutter characteristics of the blade row cannot be made due 10 inadequacies in
current state-of-the-art oscillating cascade models.

Unsteady aerodynamic models are typically restricted to thin airfoil theory, with the unsteady
disturbances generated by the oscillating airfoils assumed to be small compared to the mean steady
potential flow field. In addition, the airfoils are considered to be flat plates at zero incidence. Thus,
the unsteady aerodynamics become uncoupled from the steady flow, leading to a model wherein
the flow is linearized about a uniform and parallel flow. Kernel function methods can then often
be utilized to determine analytical solutions for the unsteady aerodynamic lift and moment acting
on the oscillating airfoils.

When the mean flow does not separate from the airfoil, i.e., unstalled flutter, a number of such
unsteady aerodynamic models have been developed. For example, Whitehead (1960) developed a
model for incompressible flow through an infinite cascade of oscillating flow plate airfoils by
constructing a vorticity distribution on each airfoil which satisfied the boundary conditions.
Fleeter (1973) extended this model to include compressible flow by using Fourier transform theory
and the linearized small perturbation potential flow equation. Smith (1972) developed an analogous
subsonic model by replacing the airfoils by a series of continuous singularity distributions. For
both subsonic and supersonic inlet flow Mach numbers, Ni (1979) developed a corresponding
kernel function analysis.

The particular problem of interest herein is subsonic stall flutter. It is the oldest, most common
type of flutter and is generally attributed 1o separated flow on the suction surface of the airfoils
caused by operating beyond some critical mean flow incidence angle at subsonic Mach numbers.
Bending, torsion, and coupled vibrational modes have been documented when this type of flutter
is encountered at part speed in a high speed fan and at or near the design speed in a low or high
pressure compressor.

Only a very few unsteady aerodynamic models appropriate for stall flutter prediction have
been developed. In these, the flow is considered to separate at a specified position on the airfoil
suction surface, with this separation point fixed throughout the airfoil oscillation cycle. Also, the
pressure in the separated flow region and the wake is assumed to be constant. Woods (1957)
developed a model for incompressible potential flow past an isolated airfoil. An incompressible
flow oscillating cascade unsteady aerodynamic model for turbomachine applications was formulated
by Sisto (1967). Perumal and Sisto (1975) developed a model for incompressible flow through an
infinite cascade of oscillating airfoils using conformal mapping and the acceleration potential.
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More recently, Chi (1980, 1985) used Fourier transform theory and the linearized small perturbation
potential flow equation to develop an oscillating airfoil and airfoil cascade model for subsonic
compressible flow. This solution consists of an attached flow unsteady aerodynamic solution and
a correction to account for the effects of the flow separation. This correction is determined by
solving two integral equations: one for the difference in the upwash velocily across the airfoil in
the separated flow region, and a second for the correction of the unsteady pressure difference across
the airfoil chordline due to the separated flow. However, Chi assumes that the Kutta condition
applies to the separated flow region, i.e., the upwash difference becomes zero at the airfoil trailing
edge even though the flow is separated.

In this paper, an unsteady acrodynamic cascade analysis which is appropriate for the design
prediction of subsonic stall flutter in turbomachines is developed. In particular, this mode! will
predict the effect of flow separation on the unsteady lift and moment acting on a two-dimensional
flat plate airfoil cascade which is harmonically oscillating in a subsonic flow field. The unsteady
flow field is considered to be a small perturbation to the uniform steady flow, with the steady flow
assumed to separate at a specified fixed position on the suction surface of the airfoils. In this
formulation, the difference in the upwash velocity across the airfoil in the separated flow region
is not required to be determined before calculating the correction of the unsteady pressure
difference across the chordline of the airfoils, thereby eliminating the assumption that the upwash
difference is zero at the trailing edge when the steady flow is separated.

2 Unsteady aerodynamic model

This model considers the inviscid flow past an oscillating airfoil cascade. The fluid is assumed to
be a thermally and calorically perfect gas, with the subsonic flow inviscid and irrotational. The
far upstream flow is uniform with velocity U, and approaches the cascade at zero mean incidence
angle. The steady flow is assumed to separate from a specified fixed position on the suction surfaces
of the airfoils, with the constant pressure separated flow region confined to a thin slit extending
to downstream infinity, Fig. 1. The unsteady aerodynamics of interest are generated by small
amplitude translational or torsional oscillations of the airfoil cascade, with a constant interblade
phase angle.

The linearized partial differential equation for the unsteady velocity potential, ¢, is given in
Eq. (1), with the linearized unsteady Bernoulci equation specified in Eq. (2).

2 2 2 2 2
Po 20 L(P0ay B0 B0 e, (B0 )
aX? oY? g\ o oX ot ox? ot X

Equations (1) and (2) are first used to derive the unsteady pressure difference across the airfoil for
attached flow, and then to derive a correction for the flow separation using the condition that the
pressure is constant in the separated flow region. As this is a linear analysis, the unsteady pressure

o A‘z /

/ / Fig. 1. Cascade and flow field configuration
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and the resulting unsteady aerodynamic lift and moment acting on the airfoils are expressed as a
sum of the fully attached flow solution and a correction due to the flow separation.

For the portion of the airfoil where the flow is attached, the velocitly component normal to the
airfoil surface, the upwash velocity, must be equal to the airfoil surface velocity. This boundary
condition, Eq (3a), is satisfied at the airfoil mean position. However, in the separated flow region,
the velocity component normal to the airfoil surface is not equal to the surface velocity, and
therefore is unknown. This perturbation velocity must be determined using the condition that the
pressure is constant in the separated flow region, with the cavitation number defined in Eq. (3b)
and the separated flow region boundary condition given in Eq. (4).

“%’ru,,(x X..) +U @ at Y=0% 0sXsX, yO=-

4
- —2—X>X,
Epn P
(3a,b)
= -3, Uly() at Y=0', X>X, “

where X, specifies the separation chordwise position.

Nondimensionalizing the spatial dimensions with respect to the airfoil chord. C, assuming
harmonic time dependence for the airfoil motion and the flow variables at a frequency w and
substituting these quantities into Egs. (1.2) and (3), results in the following for the perturbation
velocity potential, the perturbation pressure, and the attached and separated flow unsteady
boundary conditions.

2 2
,,254’ ’é sz2'3¢+k2M’¢ 0. p=—t2ls (lk+—)¢ (5.6)
ax?  0y? dx
b=U,{a+a(l +ik(x—x,))} at y=0% ngéx,. p=-3p-UL7 at y=0". x>x
(7.8)
where
Mm___yz; /}2=]—M;; k=m—C and §=ikjy,
a., Um

Once Eq. (5) is solved, Eq. (6) is used to compute the unsteady pressure difference across the
airfoil. This is then integrated to obtain the unsteady aerodynamic lilt and moment acting on the
airfoil.

3 Fourier transforms

Equation (5) for the perturbation velocity potential is reduced to an ordinary differential equation
by use of Fourier transforms, with the Fourier transform pair defined in Eq. (9).

+ D l +
FT[g(x)]=g¢*(v)= [ g(x)exp(—ivx)dx and g(x)=£ | g*(v)exp(ivx)dv. 9)

Applying the Fourier transform technique and assuming that all flow perturbations remain
bounded in the far field leads (o the following ordinary differential equations for the transformed
perturbation velocity potential and pressure.

2¢t p
——+plP* = prv.y)= — «Y 2{k + vig*(v.y) (10,11)
dy? C
where u? = — f2v2 + 2kM2 v + kM2 .
The general solution to Eq (10) for the perturbation velocity potential is given in Eq. (12).
®* = A, sin(uy) + A, cos(uy) (12)
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The constants A, and A, are evaluated from the normal velocity boundary conditions on two
adjacent airfoils. The time dependent perturbations at (x+d, y-+ h) are taken o lead the same
perturbations at (x, y) by the constant interblade phase angle a.

The transformed boundary conditions on the upper surface of the zeroth airfoil and the lower
surface of the first airfoil of Fig. 1 are given in Egs. (13).

* *
6_4)_ =Co*(Wly=o+ = Cv%, (2¢_ = Cexpli{lo —vd))o*(V)|, - o- = C exp(i(c —vd))5* .
ay y=0* ay y=h"

(13a,b)

Equations (13) are used to solve for the constants 4, and 4, in Eq. (12) in terms of 5* and 5*.
Recall that for attached flow, both 5* and 7% are known However, in the separated flow region,
0% is unknown. The resulting solution for ¢‘ is given in Eq. (14),

3 y) = Ci* sin(uy) + C(5* cos(uh) — o* éxp( —i(vd —a))cos(iy)
usin(uh)

This expression for ¢* is used in the unsteady pressure equation, Eq. (11), with the following
definitions useful

ﬁ:Ep‘|y=0'7 ﬁtﬁﬁtlwo-, $:E$*|y=0’v $‘—E¢T.|y=0" (lSd,b)

Evaluating Eq. (11) at y=0* and 0~ and then using Eq. (14), the unsteady pressure on the upper
and lower surfaces of the zeroth airfoil is determined

(14)

n* ¥ e n* n¥* n%

p+z=4*l’L—B*v—", P _cxlh _qel- (164, b)
PoUG, Uy U  pU2 Um ©
where
4 = (k+ v)cos(uh) (k+v)cot(ph)

iusin(uh) iu
B* = (k+ v)exp'( —i(vd —0)) and C*= (k+ v)ex.p(i(wl—a))'
iusin(uh) ipsin(yh)

Equation (16) is used to obtain independent equations for the upwash difference coefficient and
the unsteady pressure difference correction coefficient. First Eq. (20) is rewritten as follows:

ﬁtAVE 1 Aﬁ' 6¢AVE 1 Aﬁ*

+= =(4*-B* +2(A% + B¥) =,
UL 2p,U% ( ) ® 2! )Uao
~®AVE ~sAVE ®
14 1 Ap S(At__ct)v + - (At+ct)é_l_,_ (l7a,b)
pwui 2pcoUz U‘” 2 U

Subtracting Eq. (17b) from Eq. (17a) and manipulating the results leads to Eq. (18)

~8wAVE =% ~%
Um mez Um
where
. _ : ]
K*= —-—l-—- and [*= (€*-BY) .
2A*-B*-C* 2(2A* — B* - C*)

Equation (17a) is then multiplied by (4* — C*) and Eq. (17b) by (A* — B*), with the resuiting
equations added. This gives the following

AeAVE p* T hd 2 _pacx

P AP M here mr = AT ZBTCT (19)
PaU2 PaUL Uy, 24*—-B*—-C*
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Chi (1980, 1985) performs the Fourier inversion of Eqs. (18) and (19) and further manipulates the
Ai(x)  ApR*(x)
and .
m PnU2
However, by further manipulating Egs. (18) and (19), independent equations may be derived for

the upwash difference coefficient and the unsteady pressure difference correction coefficient. First,
substitute

geAvE gt 1 AG*

result to obtain integral equations for

=4 AxATT s#COR

and 4p = 4 + Ap

U, U, 2U, PuUL  poUL  poUL
into Eq. (18). The result is:
n* 1 ] ~ReATT s%COR n¥*
v_'+1_AL=K"Ap _+K‘Ap +L*év___
Uo 2U,  paU%L  p UL U,
In the attached flow region of the airfoil, Eq. (21) s valid, with the only unknown being the attached
flow unsteady pressure difference

P ] S0 ATT
o _ £ AP

(20)

U, pUL

An equation for the separated [low unsteady pressure difference correction coeflicient is obtained
by subtracting Eq. (21) from Eq. (20)

@n

~wCOR e
Ap - ___(At_cv)év_‘ (22)
PUy, U,

In this equation, both the unsteady pressure difference correction coefficient and the upwash
difference coeflicient are unknown. Therefore, another equation is needed.
Rewriting Eq. (19) yields the following

- S g ATT S#COR =
L__(L~+1)A" =(L*+1)Ap + M (23)
PUL 2/ p, U 2/ pU2 Uy

Equation (22) is solved for A5*/U ,, which is then substituted into Eq. (23). The resulting equation
leads to the following independent equation for the unsteady pressure difference correction
coefficient

;2COR ARATT n*
kol “(T"lf:)Ap -+ (R - (24)
PxU, 2 U, U,
where
»2 ]
T‘=L—; Q‘=-l-'—; and K:=—l——.
A* A* 24*

An equation for Aj*/U ,, is obtained by substituting Eq. (22) into Eq. (19)

1) - AeATT R 1)
A @+ RN age Pr
U«n P U:, Px Ui,
The Fourier inversion may now be performed for both the attached flow solution, Eq. (21), and
the separated flow correction, Egs. (24) and (25).

ApATT()

(25)

The Fourier inversion for the attached flow, Eq. (21), noting that >— = 0 off of the airfoil,
is given in Eq. (26), Pol =
= t SATT 1 4+
b-1x)_ f K(x—()udc; where K(n)=— [ K*exp(ivn)dv. (26)
Um 0 ® Uz,,, 2 Jo
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Note that this is the same attached flow equation as obtained by Smith (1972) when differences in
notation are taken into account.
The Fourier inversion of the separated flow equation is:

+ @ _ Apcok(c) +m{ _ __l. " N }Aﬁ“"(()
LIL K(x—-{) p U2 dC—LIL T(x—{) 2Kc(x 0 e d¢
te 7 p+(C)
- - 27
+L5L{K“" 0-Qx c} Ut de, (27

where
l + ® l + @ - l + w -

T(n)=— | T*exp(ivp)dv, Q)=— [ Q*explivn}dv, K.n)=— [ K*exp(ivn)dv.
2 2n Zw 2n 5

LL = Lower Limit (to be determined) and T(n), Q() and K .(n) are evaluated in the Appendices.
The inverse transform of the upwash differences, Eq. (25), is

_ ATT
Alt;(x)== _ j~ {(0(x-0) + Ift(x—C)}Ap ©

df — R(x), (28)
+ - ®
where R(x) = | K.(x—{)yd{ and is presented in the appendix.
The cascad:.‘ unsteady pressure difference correction equation becomes

+ @ SCOR 1 ATT @
s I{T( x=0 =3 R —C)}A” ‘C’dc—lj Rx—0) = Q(e~D}FdL.
' (29)

The upper limits of + o are undesirable since AF“°*({)/p, U2 will be obtained by collocation.
To eliminate this problem, this equation is rewritten by breakmg the first and third integrals into
integrals from{ =x,to{=1andfrom{=1t0{= + o

mco ® ™~ o

_ Aﬁ“’"(() _ AR
iK(x —_mem dal + g K(x C)_—mUi dC

APTTR) . N E
TR T A A

1
= {T(x—C)—-%&(x—C)}

-2 T {Rx—0—Q(x—0)}7dL. (30)

As x,— 1, the integrals with upper limit of 1 become zero. Then

+® A ~COR i + o _
[ kix-p22 Uic’dc— -3 [ Rix=D-Qe-0n7ac
1
Since both of these integrals are independent of x,, they must be equal for all x,. Subtracting these

from Eq. (30), the final cascade separated flow unsteady pressure difference correction equation is
obtained

1 =COR
Wi = | Kix—p2 0

Xg '1700

d, (3n

where

1

W(x)= | {T(x—:)—%&(x—o}

Xy

8T, b
oz =3 [ Rdx=D = Qux-0)7dL.

134




39 Computational Mechanics 8 (1991)

Once the attached flow solution is determined from Eq. (26) and the cavitation number specified,

Eq. (31) is solved by collocation to obtain the separated flow unsteady pressure difference correction
coefficient.

4 Unsteady aerodynamic lift and moment coefficients

The unsteady lift coefficient, positive in the + y direction, is defined as
= L L Ap C

= = 35
me;C Opao ( )

Substituting Eq. (36) into Eq. (35) and noting that the unsteady pressure difference correction is
zero upstream of the separation point, leads to Eq. (37):

ApQ) _ AP*TT() | APEORQ)
puUL poUL | puUZ )

) } N _ { A=ATT _ 1 ARCOR
CSEF = CATT 4+ CCO®, where C}7T=—| = U’(O d{ and Ci%"=-] 2 U(C)dc 67
0 Po x P

® ™

The unsteady moment coefficient, positive counterclockwise about an elastic axis at the leading
edge, is defined as

~ ML AR
M giciT gcme:,dC' (38)

Substituting Eq. (36) into Eq. (38) yields:

pmum Xz me2

®

- - _ - 1 FATT -con
Cy =CyT+CP%, where CplT=-] g—————A" Qg and Cot=—f cA” Q.
0

5 Resuits

The mathematical model developed herein is utilized to demonstrate the effects of flow separation
on the unsteady aerodynamics of an harmonically oscillating flat plate cascade in a subsonic flow
field. The attached flow part of the model predictions are obtained from the Smith code (1987). It
predicts the unsteady pressure difference coefficient and the cascade translation and torsion mode
unsteady aerodynamic lift and moment coeflicients. The separated flow part of the model uses the
attached flow results to analyze the separated flow unsteady pressure diflerence correction coeflicient,
the unsteady aerodynamic lift and moment correction coeflicients, and the upwash difference
coeflicient for a specified separation point location and cavitation number. Note that for the results
presented herein, a zero cavitation number is considered. The separated flow unsteady aero-
dynamic lift and moment coeflicients are then added to the attached flow values to obtain the
separated flow coefTicients.

The effect of flow separation on the magnitude and phase of the cascade bending mode
unsteady pressure difference coeflicient is shown in Figs. 2 and 3. A leading edge flow separation
point decreases the magnitude of C,, by a factor of approximately two. Also, the attached and
separated flow phase angles of C,, are not equal.

Figure 4 shows the magnitude of the bending mode upwash difference coeflicient with leading
edge flow separation for an isolated airfoil and an airfoil cascade. Recall that the upwash difference
coeflicient is zero for attached flow. Note that the upwash difference coeflicient is not zero
downstream of the trailing edge for either the isolated airfoil or the cascade, as was assumed by
Chi (1980, 1985). The fact that a nonzero constant value is approached downstream of the trailing
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Figs. 4 and . Magnitude of bending mode upwash difference coeflicient 4 for leading edge flow separation; § for midchord
flow separation

edge is consistent with the assumption that the separation wake extends to downstream infinity.
Midchord flow separation, Fig. 5, tends to produce a more rapidly changing upwash dilference
coefficient magnitude than does leading edge separation. Again, the upwash difference coefficient
does not become zero downstream of the trailing edge. Also, the separated flow upwash difference
magnitude for both the isolated airfoil and the cascade exhibit a sharp dip near 60%, chord. Both
the real and imaginary parts of the upwash difference coefficient are smooth in the region of 60°;
airfoil chord, with this dip being caused by the real part of the coefficient passing through zero at
this point.

The effects of leading edge flow separation on the bending mode suction surface upwash
velocity distribution are shown in Figs. 6 and 7 for an isolated airfoil and an airfoil cascade. The
attached flow results are the same for both the isolated airfoil and the cascade since both upwash
velocities are equal to the airfoil surface velocity. The cascading effects are shown by the differences
between the isolated airfoil and cascade separated flow upwash distributions. In Fig. 7 the
separated flow curve for the isolated airfoil is identical to the attached flow curve.

To demonstrate the effects of flow separation on bending mode stability, the complex unsteady
lift coefficients are calculated using ten collocation points for a cascade with solidity of one and a
stagger angle of 60 degrees. In particular, Figs. 8 through 13 show the attached flow, midchord
flow separation, and leading edge flow separation complex bending mode lift coefficients for inlet
Mach numbers of 0.0 and 0.5, with interblade phase angle and reduced frequency as parameters.
It should be noted that the Mach 0.5 unsteady lift coeflicients change rapidly near the acoustic
resonance conditions. Thus a smaller range of interblade phase angle values is considered for Mach
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Figs. 6 and 7. 6 Real part of bending mode suction surface upwash velocity for attached flow and leading edge separation.
7 Imaginary part of bending mode suction surface upwash velocity for attached flow and leading edge separation

0.5 than for Mach 0.0 to avoid these resonances. Also, a positive value of the real part of C,,
indicates a bending mode instability when there is no mechanical damping.

With attached flow, the cascade is stable for all interblade phase angles and reduced frequencies
for both values of the inlet Mach number. As the region of flow separation increases, i.e., as the
separation point moves from the midchord to the leading edge, the unsteady lift coefficient reduced
frequency contours decrease in size and shift to the right, although remaining in the stable range.
Thus, {low separation, although not resulting in bending mode flutter, does decrease the bending
mode stability of the cascade.

For the case of torsional flutter, stability is determined from the imaginary part of the unsteady
moment coefficient. In particular, for zero mechanical damping, a torsion mode instability exists
whenever Imaginary (Cue) 2 0.0, with the flutter reduced frequency defined as the value at which
Imaginary (C,,,) = 0.0. To demonstrate the effects of low separation on torsion mode stability, a
baseline cascade with a solidity of one and a stagger angle of 60 degrees is considered.

The baseline cascade with attached flow is unstable for certain interbiade phase angle values
and elastic axis locations. The flutter boundary interblade phase angle, i.e., the interblade phase
angle which yields the largest range of reduced frequencies for which flutter is possible is shown
as a function of elastic axis location in Fig. 14 for inlet Mach numbers of 0.0, 0.3, and 0.8. Utilizing
these interblade phase angle values, Fig. 15 shows the attached flow flutter boundaries of the
baseline cascade in the form of reduced frequency for flutter as a function of elastic axis location,
with Mach number as a parameter. Each curve represents the neutral stability boundary, with the
airfoils being unstable at reduced frequencies below the curve and stable for reduced frequencies
above the curve. Note that a decreasing [lutter reduced frequency corresponds to an increasing
value of U ,, for which flutter is just possible. Increasing the Mach number is seen to enhance the
cascade stability, indicated by the decreased unstable reduced frequency range.

The effects of flow separation on torsional flutter are demonstrated by determining the flutter
boundaries of the baseline cascade with attached flow and with flow separation at midchord, 10%,
chord, and at the leading edge. These results, generated by varying the reduced frequency and
utilizing the previously determined attached flow flutter boundary interblade phase angle values,
are presented in the form of torsional flutter boundary versus elastic axis location for inlet Mach
numbers of 0.0, 0.3, and 0.8, with separation point location as a parameter, Figs. 16 through 18.

Torsion mode stability is seen to be a function of the location of both the separation point and
the elastic axis. Midchord flow separation produces a larger range of frequencies for which flutter
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Figs. 8 and 9. Bending mode unsteady lift coefficient 8 for attached flow; 9 for midchord flow separation. (S/C = 1.0, 0 =60
degrees, and M =0.0)
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420

may occur than does attached flow for elastic axis locations in the range of 20% to about 65°;
chord for all Mach numbers. This indicates decreased cascade stability for thesc elastic axis
locations. For elastic axis locations aft of about 65% chord, midchord flow separation tends to
have a stabilizing effect for all Mach numbers.

Flow separation at 10% airfoil chord has a destabilizing effect for elastic axis locations from
20%, to about 40°; chord, and a stabilizing effect for elastic axis locations greater than about 40Y;
chord.

Leading edge flow separation has a stabilizing effect for all elastic axis locations. it should be
noted that a considerable part of the torsional unsteady moment coceflicient value is derived from
the singular natuce of the unsteady pressure distribution in the airfoil leading edge region. For the
cases of flow separation of 10% and 50% chord, the unsteady pressure distribution is unaffected
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Figs. 12 and 13. Bending mode unsteady lift coeflicient 12 for midchord flow separation, 13 for leading edge separation.
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Figs. 14 and 1S. 14 Interblade phase angles for torsional flutter boundary, 15 torsional flutter boundary for attached flow.
{§/C = 1.0 and 0 =60 degrees)

by the flow separation in the region near the leading edge, whereas for leading edge flow separation
the entire unsteady pressure distribution is affected. i

As for the attached flow flutter boundaries, increasing the Mach number enhances the separated
flow cascade stability, indicated by the decreased unstable reduced frequency range.

It is generally expected that flow separation would decrease the torsion mode cascade stability.
A3 previously stated, the resuits obtained from the separated flow analysis developed herein
indicate that the stability is a function of the location of both the separation point and the elastic
axis. However, it should be noted that this analysis is based on quite restrictive assumptions. A
zero mean incidence angle is considered, thereby eliminating the nonlinear features of the attached
and separated flow fields. Also, the separation point location is fixed throughout the cycle of airfoil
oscillation. In reality, the flow may separate and reattach during each cycle of airfoil motion
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mode unsteady moment coefficient, comparison to Chi

140




396 Computational Mechanics 8 (1991)

creating hysteresis eflects in the torsional unsteady moment coeflicient. Finally, the separation
region may be large and partially block the flow passage, thereby affecting the flow (ield upstream
of the separation point. If these restrictions were removed from the model, it might be found that
flow separation tends to always decrease cascade stability.

Finally, comparisons of the results obtained with the model developed herein and those
developed by Perumal (1975) and Chi (1980, 1985) are considered for an airfoil cascade executing
harmonic torsion mode oscillations in an incompressible flow. The comparison with the Perumal
model predictions of the magnitude of the unsteady moment coellicient versus separation point
location are shown in Fig. 19. The analysis developed herein predicts a smoothly varying moment
coeflicient with separation point location, as expected based on the model assumptions. In
contrast, the Perumal model yields widely varying and probably unrealistic resulits. Fig.20 shows a
comparison of the results obtained with the model developed herein and that of Chi with flow
separation at 25° and 50°%; airfoil chord. The Chi model predicts larger changes in the imaginary

part of the moment coeflicient as the separation point location is moved from 257, to 507 airfoil
chord than does the present anlysis.

6 Summary and conclusions

A mathematical model was developed to predict the effect of flow separation on the unsteady
aerodynamic lift and moment acting on two-dimensional flat plate airfoils and cascades which are
harmonically oscillating in a subsonic flow field. The unsteady {low was considered to be a small
perturbation to the uniform steady flow, with the steady low assumed 1o separate at a specified
fixed position on the suction surface of the airfoils. In this formulation, the difference in the upwash
velocity across the airfoil in the separated flow region was not required to be determined before
calculating the unsteady pressure difference across the chordline of the airfoils, thereby eliminating
the assumption that the upwash difference is zero at the trailing edge when the steady flow is
separated.

This model was then used to investigate the effect of flow separation on bending and torsion
mode cascade stability. In the bending mode, the effects of airfoil leading edge and midchord flow
separation on the unsteady aerodynamic lift coefficient for several reduced frequency and interblade
phase angle values were considered for inlet Mach numbers of 0.0 and 0.5. In the torsion mode,
the effects of airfoil leading edge. 10%, and 50% chord flow separation on the cascade flutter
boundary as a function of the elastic axis location were considered for inlet Mach numbers of 0.0,
0.3, and 0.8. These results demonstrated that although flow separation does decrease the bending
mode stability, it does not result in flutter. In the torsion mode, however, flow separation can lead

to flutter, with the cascade torsional stability being a function of both the location of the separation
point and the elastic axis.
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Appendix A

The functions T(x), Q(x) and K (x) are evaluated by the residue theorem of complex variables.
These functions are given in Egs. (Al) through (A3).

ikM? x
exp{ z"’} -
T(x) = 4hﬂ {('+52g"("’)n(x)+sgn(x) Y ¥(x)+sgn(x) ¥ I',,(x)} (Al)
m=1 n=0.%+1.12,...
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iexp{ikMix}
2 I +sgn(x &
Q(x) = B {( gn( )).Q(x) +sgn(x) Y W,(x)+sgn(x) Y l“,(x)}
2h 2 m=1 n=0,t1.12....
(A2)
exp{ikMi,\}
2 @®
Rig=—— P {‘ * 38 oy + sgn(x) 3 mx)} (A3)
2h 2 m=1
where
0(x) = hk tanh(hk)sin?(2,d — ¢)e'*e* () (unh)? tan?(z, d — 6)e'* =
X)=- _ —nz e mlX)= .
{cosh(hk) — cos(2,d — ¢)} hzﬁzz,,(z,,, . L)
#
rx)= {Uig,hx + ©,)tan(ji,h) + (2d + O,)jih} ™= _ fahg(Z,)e ™"
i .k k)2
(d—@,)‘(z,+l§> (d—@,)’(z,+iﬁ)
g(z,) = {(2, + %)((dz — @%)— A tan(ji,h) — ©,(d — O,)tan?(ji h)) + (d - @,,)tan(;i,h)}
2 _ : .
2,= _i, a____q_kh’l—_ﬂ’ ”~h=(2m l)n’ m=123,..., zmzm, m=123,. ..
p? B 2 fih
_ 2 2312 2
P = {((2»: l)n) _(kah> } @,k =L i d 4 Can—o),
2 ] dz |, -, dz? |,
n=0,+1,+2, ..
Note that:
R*= L and K*= ! = l —,
24* 2A* —B* - C* 24* —(B* + C*)

For zero stagger angle and ninety degree interblade phase angle (B* + C*) =050 that K* = K bt
The function K (x) is found to give identical values, to six digits right of the decimal point, to
Smith’s function K(x) evaluated at the special case just described.

Appendix B
The function R(x) is obtained by evaluating Eq. (B1) by analytical integration, Eq. (B2).
R(x)= [ K(x--{)ydC. (B1)
R(x) = -7[ Y‘: {& + g_"'(eb-(x-x.)_ l)} + M {e—ik(x—x.)_ l}], (32)
m=] {4, b,. 2
where
wh)?
fam — ) ihk\’
2hP,,,( P+ ——)
B
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ikM 2 2 a2
_=<ﬂ-+%), R () b"=(_5+aka),
Bh  B? ph B2

2hP,,,<P,,, - %>
B

_ 2 2 2 -
Pm={((2m l)n) _(kM,,h)} k=T 123
2 B 2
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